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Abstract

Building transmission to reach renewable energy (RE) goals regoioedination among
renewable developers, utilities and transmission owners, resource and tsarspianners,
state and federal regulators, and environmental organizations. The WestemaRle Energy
Zone (WREZ) initiative brings together a diverse set of voices to develaptdals, and a
unique forum for coordinating transmission expansion in the Western Interconnentibrs |
report we use a new tool developed in the WREZ initiative to evaluate possible renewable
resource selection and transmission expansion decisions. We evaluate thesesdewigr a
number of alternative future scenarios centered on meeting 33% of the annualthead i
Western Interconnection with new renewable resources located withirzWeREtified
resource hubs.

Of the renewable resources in WREZ resource hubs, and under the assumptidmsddesitris

report, our analysis finds that wind energy is the largest source of ren@mebly procured to

meet the 33% RE target across nearly all scenarios analyzed (38-65%)ensodgy is almost

always the second largest source (14-41%). Solar exceeds wind by a smgialonly when solar
thermal energy is assumed to experience cost reductions relative to aleotimeiogies.

Biomass, geothermal, and hydropower are found to represent a smaller pothieseiected
resources, largely due to the limited resource quantity of these resaientfied within the
WREZ-identified hubs (16-23% combined). We find several load zones where wind engrgy
least cost resource under a wide range of sensitivity scenarios. LoadretheSouthwest, on

the other hand, are found to switch between wind and solar, and therefore to vary tramsmiss
expansion decisions, depending on uncertainties and policies that affect thie emlatiomics of

each renewable option. Uncertainties and policies that impact bus-bar edbis @uost important

to evaluate carefully, but factors that impact transmission costs and thesnelarket value of

each renewable option can also be important. Under scenarios in which each load zoreetmust m
33% of its load with delivered renewable energy from the WREZ-identified reshubs, the

total transmission investment required to meet the 33% west-wide RE targfeghested at

between $22 billion and $34 billion. Although a few of the new transmission lines are very long—
over 800 miles—most are relatively short, with average transmission distangesy from 230-

315 miles, depending on the scenario. Needed transmission expenditure are found to decline to
$17 billion if wide use of renewable energy credits is allowed; considerationexable

resources outside of WREZ-identified hubs would further reduce this transmisst@stmate.

Even with total transmission expenditures of $17-34 billion, however, these costpstsier

just 10-19% of the total delivered cost of renewable energy.
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Executive Summary

Building transmission to reach renewable energy goals requires cdimdiamong renewable
developers, utilities and transmission owners, resource and transmission plaateeasds
federal regulators, and environmental organizations. The Western Renewaigg Fone
(WREZ) initiative brings together a diverse set of voices to develop data, tedlg,umique
forum for coordinating transmission expansion in the Western Interconnection. One pfoduc
the WREZ process is a transparent, Excel-based tool developed by Black &, \Ieatcence
Berkeley National Laboratory, and numerous Western resource and traosreigserts. The
tool allows any load zone in the Western Interconnection to answer basic quaktahsvhich
renewable resources might be most attractive to that load zone and what amount amddbcati
transmission might be needed to access those resources. The valueafiagtoel like the
WREZ model is that is allows fast, simple evaluation of several “whatédharios which, in
combination, can help identify the importance of different sources of unceraittye impact
of policy decision on renewable resource selection, transmission expansion, aliccosera

In this report, we use the WREZ model to evaluate west-wide and load zonecspeeivable
resource selection and transmission expansion decisions across a large numiaeeiof dif
assumptions. These cases are centered on a scenario in which each load zone ierhe West
Interconnection procures incremental renewable resources identified iZ VéB&urce hubs
sufficient to provide 33% of each load zone’s annual energy demand for a targsit 3@29.
WREZ resource hubs are environmentally preferred locations of high qealéwable

resources that include sufficient renewable energy supply to potentistify jouilding a new

500 kV transmission line delivering roughly 1,500 MW of new capacity.

Our analysis assumes that only the resources identified in the WREZ huise@ite meet
renewable energy targets. Significant renewable resource potentiekisitsooutside of the
WREZ hubs, but we do not evaluate non-WREZ resources. The results of the anasgsiseplr
here therefore reflect the transmission and resource selection thabetghif WREZ resource
hubs were to be the primary source of renewable energy to meet aggregsitgetia 2029.
Because these results exclude non-WREZ resources, they likely ovérstagzd for new
transmission investment; future analysis should evaluate the possili&\ettrass of non-
WREZ resources compared to the WREZ resources considered here. Moreovee, Weoasss
a high-level screening tool and abstract from existing state reneeradyigy policy
requirements, specific resource procurement decisions and transmissi@atinesbe justified
or rejected by this analysis alone. Where our analysis identifies thahisaims and resource
procurement decisions vary significantly with assumptions, however, it is imptrtd the
more detailed analysis of specific resources and transmission ex@ia@llyate these
assumptions in more detail.

Framework for Comparing WREZ Resources
The generation and transmission model developed for the WREZ initiative enablds users

evaluate the relative economic attractiveness of any of the rbleemesources in fifty-five
WREZ hubs to any of twenty load zones identified in the Western Electricaydating



Council (WECC). In addition, a user can assess the economic attractigéressurces from
the perspective of any other load zone in order to evaluate the potential for eitabaith
other load zones in building transmission lines to access those resources.

The relative economic attractiveness of a renewable resource to a loasl m@asured by a
metric that we call thadjusted delivered co$ADC). The ADC is the delivered cost of a
resource to a load zone (considering generation costs and transmission costsy fljkey
market value adjustment factors, and is presented in dollars per megawa$/MWh). Market
value adjustment factors are included to enable a screening-level commditischnologies that
have different generation characteristics and therefore differentteallie electricity system.
Figure ES-1 illustrates the various components of the ADC, along witiresentative case that
demonstrates how the relative economic attractiveness of various res@ursbsficas each of
the economic drivers included in the ADC is considered.

Renewable Resource Ranking for
Southwest Load Zone:

@
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FigureES-1. Framework for evaluating the economic attractiveness of renewable resour cesto load
zonesin the WREZ model

In this report, the WREZ model used to determine what new WREZ-identified renewable

resources might be procured by load zones within the WECC region to meet rertavggiein
2029. The loads are assumed to meet these targets at minimum cost while gegpettited

guantity of resources in high quality resource hubs that are attractive to mokiglednes.
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Analysis Results

We begin our analysis by evaluating different targets for new WREZ-igiehténewable
resources, assuming that each load zone must physically deliver those reseercesv
transmission to their zone. As shown in Table ES-1, we find that the largest daantiddional
supply when increasing renewable energy demand from 12% to 25% on a WECC-\wade bas
wind energy, at least when relying on the WREZ starting point assumptions fostiend
performance of various renewable technologies. As the most attragteites in the WREZ
hubs are depleted, however, nearly equal amounts of solar and wind are addedadeenew
targets increase from 25% to 33% WECC-wide. Increasing the renewaeateftam 12% to
33% is found to increase the average cost of renewable energy supply by apgiyxim
$20/MWh. Regardless of the target level, new transmission costs totalyrdégblof total
delivered costs.

TableES-1. WECC-wideimpact of increasing renewable energy levelson
resour ce composition, costs, and transmission expansion

Impact 12% Renewables  25% Renewables  33% Renewables

(TWhiyr)  (GW) (TWhiyr) (GW) (TWhiyr)  (GW)

Geothermal 22.7 3.0 28.6 3.9 28.6 3.9
Biomass 7.9 11 17.2 2.3 20.7 2.8
Eesourc?. Hydro 65 15 120 27 167 37
omposition
Wind 42.2 13.2 108.5 36.1 144.3 48.2
Solar 0.0 0.0 47.1 13.7 85.5 25.0
Average Adjusted
Delivered Cost 23.6 37.2 43.2
Costs ($/MYVh) )
Marginal Adjusted
Delivered Cost 33.9 54.7 61.5
($/MWh)
New Capacity
(GW-mi) 4,123 11,958 18,510
Transmission
Transmission Inve_stlment 5.9 17.0 26.3
($ Billion)

Expansion
Transmission and
Losses Cost as
Percentage of
Delivered Cost

16% 14% 15%

We then focus on the 33% WECC-wide renewable energy target. Under Baasstasptions,
the incremental renewable resources procured from WREZ hubs by each loada tine
required transmission expansion to meet this 33% RE target are illustr&igdiie ES-2. These
results illustrate the least-cost procurement of WREZ resources, undearitg@ssumptions
detailed in the body of the report. Because the results do not consider a numberfattutiser
that are assessed when analyzing specific resource procuremenhantssean expansion
decisions, specific projects cannot be justified or rejected by this andbyses a

Xii
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Figure ES-2. Transmission and resour ce selection in the WECC-wide 33% Base case
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The large procurement of wind energy with the starting point assumptions is drivenhbg s

low bus-bar costs. Solar, which has a higher bus-bar cost, is still procured by loadeaynes
high-quality solar resources and far from large high-quality wind resodreeto its favorable
market value adjustment factors in some regions. The degree of correlaiverreblar
generation and load in regions that select solar leads to the highest TQip amsk capacity

value. Figure ES-3 presents the average cost and value components of the adjusted delive
cost for each technology based on the resources found to be procured to meet the 33% RE targe
in the Base case. For comparison, the cost and value components of a baseloadeCCGT ar
presented as well. Even wind energy receives considerable TOD endrcppacity value per
unit of wind energy produced, though these values in aggregate are $34/MWh lower than the
average value of solar energy.
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Note: The cost and value components of a load-sit@tbined-cycle gas turbine (CCGT) in Sacramensoiizing
an $8/MMBTU natural gas price and a carbon costedare provided for reference.

Figure ES-3. Average cost and value components of the adjusted delivered cost for the
various RE technologies and required transmission expansion in the Base case.

Because of the wide range of uncertainties involved, we examined the robustne$3agkthe
case results to many factors including changes in assumptions regaadsmgisision costs,

Xiv



availability of Federal tax incentives, and renewable resource costsnddeded change in the
composition of the renewable resources procured across these various sceslaoios is
Figure ES-4; the scenarios themselves are defined in the body of the report.
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Figure ES-4. Resource composition relative to the Base casefor several different 33% RE scenarios

Almost regardless of the scenario modeled, we find that wind energy isgastleontributor to
meeting a 33% WECC-wide renewable energy target when only restnormed/REZ hubs are
considered. Across the 33% renewable energy target scenarios modeledriteemergy
constitutes 38-65% of incremental renewable energy demand. Solar enrggécond largest
resource, providing 14-41% of the incremental renewable energy depending on the stena
guestion. No matter what changes were made to key assumptions, wind enecggsisiently
found to be the most-economic resource choice in a number of load zones in the Northwest.

Though wind and solar increase significantly with increasing renewahigyetaegets, we found
that the contributions of hydropower, biomass, and geothermal do not changeasiggifigth

XV



increasing renewable demand. A large portion of these resources are prothee2&b

renewable energy level but, as renewable demand increases by 270% fi@%tbase to the

33% case, the contribution of hydropower, biomass, and geothermal increase by only 78%. A
primary reason for the limited change in procurement from these resouteis lsrited

guantity in the WREZ resource database. The Base case 33% scenar®&itilizef the total
available hydropower, biomass, and geothermal resource, while it only utilizes 54% aonfl 31%
the available wind and solar resource, respectively. The entire geothemnatessharacterized

in the WREZ resource hubs is fully utilized across almost all of the 33%arsoe. The

contribution of hydropower, biomass, and geothermal to meeting the 33% targ¢temeésre
within a narrow range of 16-23% of the total incremental renewabtg\eterget.

In contrast to the relative insensitivity of geothermal, hydropower, and bi@upgby to the
various scenarios modeled here, we find that key uncertainties can shift tieelzdaveen
wind and solar in the renewable resource portfolio. The most dramatic flipgimaes
portfolios under different cases occur in regions that are near high-quadityesdurces and
where high-quality wind resources are either limited or distant. We finthtdratsed quantities
of wind are procured when wind costs are low, transmission costs are low, resoquaEegde
costs are low, or federal tax incentives for renewable energy aveedlko expire. Assumptions
about the choice of solar technology and solar financing are also importaitecatisns for
determining the amount of wind that is procured. More solar is procured, on the other hand,
when transmission expansion is limited, wind integration costs are assumed thdsedrigolar
capital costs decline. By far, the most important uncertainty that iesréaes contribution of
solar is the degree to which solar capital costs decline relative to othealdadechnologies.
The factors that affect the balance between wind and solar in resourcegmsificluld be
explicitly considered in alternative transmission planning scenarios.

The impact of the different modeled 33% renewable energy scenarios on reneneigly
supply costs and transmission expansion is illustrated in Figure ES-5. The adjested
delivered cost represents the energy-weighted adjusted delivered cestuntes procured to
meet the renewable energy demand WECC-wide. The marginal adjustededetiosts, on the
other hand, indicates the energy-weighted average cost of the resourcesitddierprocured
next by load zones if demand for renewable energy were increased arsmait.a

XVi
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Figure ES-5. Cost and transmission expansion relativeto the Base casefor several different 33%
RE scenarios

We find that the transmission investment costs required to meet a 33% WHE Gnewable
energy target are substantial, but are only a fraction of the total @elivests. Specifically, the
investment in transmission expansion for scenarios in which each load zone in ti@rég
provides 33% of its energy from WREZ renewable resources hubs is edtah&@2-34 billion.
The primary technology driving transmission expansion on a WECC-wide b&sisidsto be
wind energy. Transmission and line losses, however, make up only 14-19% of the total
delivered costs of renewable energy supply; the much-larger contributoivierei@icosts is the
bus-bar cost of the resources itself. Moreover, if renewable resources notdrioltite WREZ
hubs were considered in this analysis, or if existing transmission wéashéerao offset some of
the new transmission demands, total transmission costs would be reduced.
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Our results indicate that long transmission lines can be economically pistife@rticular cases,
but that the majority of transmission lines are found to be relatively shouréRi-6). Figure
ES-6 shows on the horizontal axis the cumulative amount of renewable energy thetiiegr
over transmission lines that are shorter than the maximum transmission lengtivertitaé
axis. Particular load zones are sometimes found to select renewabieesdocated over 800
miles from the load zone in question. These long lines are found to be significangly m
attractive (and prevalent) if they are assumed to be lower-cost 500 K\CHIX€s rather than
the single circuit 500 kV AC lines assumed in the Base case (as in the HMigQines case):
as much as 33% of the incremental renewable energy demand was procurawsvengjer
than 400 miles when HVDC lines were allowed. Despite the value of centajrdistance
transmission lines, however, it also deserves note that the average tsarsdistance was
much lower, at 230-315 miles, suggesting that any long distance lines builess aeoewable
energy in the west would ideally be coupled with an even-greater emphasis ctishode
lines.

Renewable Energy Obtained within Maximum Transmission
Distance (TWh/yr)
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Figure ES-6. Quantity of RE procured within a maximum transmission distance from each load
zonein the Base case, the HVDC Long Lines case, and the REC with Limits case.

Under the cases described so far, we have assumed that each load zone must¢ake phys
delivery of the renewable energy from WREZ hubs via new transmission. Thengesobkits of
meeting the 33% renewable energy target across load zones in theseechstsra@geneous.
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Resources of differing capital cost, quality, location, and market valueanered by different
load zones to meet their individual renewable energy targets, leading taditfests of
renewable energy across load zones. The lowest costs are generally fouridariiten Rocky
Mountain region, while the highest costs are in the Northern Pacific regions iGtsé
Southwestern states are moderate due to the availability of nearby hlgsplar resources
and some limited quantity but high-quality wind and geothermal resources.

The figures included earlier, however, also present results for two caseslmumnbundled
renewable energy credits (RECs) are allowed. By relaxing the rergantehat each load zone
must physically deliver sufficient renewable energy to their zone to 8826 renewable
energy target, we found that transmission expansion needs could be reducedibly as #8
billion; of all of the scenarios that we modeled, allowing RECs had the langestt on
reducing necessary transmission expenditures. Allowing the free tr&e0s can reduce
transmission expansion by allowing (1) load zones near high-quality reswvaeseto increase
procurement of renewables, and (2) load zones far from high-quality resaupreshase
credits rather than building transmission to deliver resources to their load.e#&dteof the
impact on transmission expenditure, free trade in RECs is found to reduce tgeaesewable
energy costs WECC-wide by roughly $6/MWh. The ability of load zones to rely @3 BEa
policy decision that should be explicitly considered in more detailed transmissioingla
studies for renewable energy.
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1. Introduction

New transmission requires 7-10 years or even longer to plan, permit, and constadiuilt,
its economic life can span multiple decades. Planning for transmissiamsexptherefore
requires consideration of several uncertainties about the future stagevedrid including the
sources, costs, and locations of electricity generation options, expmsdegtowth, and policies
that require or incentivize the procurement of certain forms of elégtgeneration.
Transmission expansion for renewable energy is further complicated lmcétieh-dependent
quality of renewable resources, the mismatch between the time requirechibgmel build
transmission and the shorter time required to permit and build renewable gendratiow,
capacity factors of some renewable energy projects that result inilaation of transmission
capacity, and the relatively small size of individual renewable energy fmo@npared to the
size of the total renewable resource of similar quality in a surroundingMilesaet al., 2009).

To overcome some of these transmission planning challenges, the U.S. @eapaftEnergy
(DOE) and the Western Governors’ Association created the Western Rem@&mably Zone
initiative (WREZ) to identify high-quality, large renewable resourcéoregjin the West and to
develop conceptual transmission expansion plans for renewable resources intdra Wes
Interconnect. One of the key deliverables of the WREZ project is a set of publicly awilabl
renewable generation and transmission screening tools, collectaliglg the “WREZ model,”
based on the WREZ renewable resource database. The model allows users te, @rapa
screening level, the economic attractiveness of all renewable resanctuded in the database,
and to identify potential partners for jointly developed transmission to muttaihgctive
resource areas. The WREZ model was developed by a diverse group of Wesigmrerand
transmission planning experts in collaboration with Black & Veatch and Lawieikeley
National Laboratory. The model is seeded with a database of inforroati@mewable resource
locations, quantities, and estimated costs that was developed through a staldrhade
process. That process, managed in part by the National Renewable Enemgydrgpbimcluded
state utilities commissions and wildlife agencies, Canadian pravip@miers, renewable
energy developers, utility planners, environmental organizations, and several égdacies.

The renewable resource database in the WREZ model is based on disqyedplgesegions,
called WREZ hubs, that might justify the construction of regional traisgonis Specifically, the
WREZ effort focused on identifying high-quality renewable energy ressumaanvironmentally
preferred locations that might justify the investment in a 500 kV transmissioaeliivering
1,500 MW of new capacity. The database is therefore not a comprehensivg chédlo
renewable resources in the Western Interconnection. WREZ stakeholderszeddlgat
renewable resources located outside of WREZ resource hubs would receive development
attention, particularly in cases where those resources could agistsgydransmission capacity,
or where the resource areas were proximate to load (WGA, 2009). To keep this aatgble
and to focus attention on transmission investment decisions, however, these non-WREZ
resources were not characterized to the same level of detail as were sbaseaelocated
within WREZ hubs (the WREZ model does allow users to custom define charazderision-
WREZ resources to compare to WREZ resources). As a result, in the anaygsistgd in this
report, we evaluate scenarios in which western loads meet renewabts tary with WREZ-

! The WREZ Initiative is described in more detaitlahe WREZ models are availablewatw.westgov.org




identified resources located in WREZ hubs. The results of this assessmafdranative, but
because they exclude non-WREZ resources, the results likely overstagethior new
transmission investment; future analysis should evaluate the possibttiatiess of non-
WREZ resources compared to the WREZ resources considered here. Such shalydi
however, recognize that non-WREZ resources may not be of sufficieno $ustify new large
transmission and may therefore require lower voltage, and higher per-unit costdsamsm

The WREZ model is designed to be used as a screening tool to identify attrentiwealble
resources and the transmission expansion that may be required to accessthurses under a
wide variety of scenarios and assumptions. As a screening tool, the WREZ mabdied esars
to rapidly identify key uncertainties or assumptions that broadly deterherehbice of
resources or transmission expansion solutions within the footprint of the WESetricity
Coordinating Council (WECC). For this paper, we use the WREZ data and model ty identi
resource choices and transmission expansion needs under several uncertdistesarios.
These resource and transmission decisions are evaluated based on the celadivice
attractiveness of various renewable resources to load zones to meét speeifable targets,
considering generation (or bus-bar) costs, transmission costs, and variousvialaeke
adjustments that capture the relative value renewable resources itingffieetsil generation.

To be clear, as a screening-level assessment, this analysis is not ehemsipeeevaluation of
all of the factors that must be considered during more-detailed evaluattispecific renewable
projects and transmission investments; for example, our assessment doekidet i
considerations of system reliability, operational feasibility, and envieomahimpact. As a
result, specific resource procurement decisions and transmission investarerdsbe justified
and should not be rejected because of the analysis presented in this paper. Bhef thsult
screening-level analysis can, however, help resource and transmissioarplidentify the key
uncertainties and scenarios that should be explicitly evaluated in moredietzil data-
intensive planning tools. Results from this analysis, for instance, can be usedide thigfip
attractive resources for consideration in advanced transmission planning tbelsrany sub-
regional transmission planning groups in the West and the Transmission ExpansiamgRiadni
Policy Committee (TEPPC) at the WECC. In addition, the WREZ model is dseflicy
makers. The model can help answer questions about the potential effectsabftéeder
incentives on the selection of renewable resources as well as the requineiss@msnecessary
to access those resources. Similarly, the WREZ model can be used to providerntcsitlet
impact of policy decisions such as changing renewable energy (RE) prectitangets or
allowing loads to use Renewable Energy Credits (RECs) to satisfyRitossguirements.

Given the broad audience for the WREZ model, it was designed with a focus on trarnysparen
and simplicity. The model is implemented in an Excel-based spreadsheet serthaansee

the inputs and calculations that are used to evaluate resources and transmissianyusetenf
user-defined assumptions. This simple and transparent approach has beerecivasl\eiih
settings that involve a broad set of stakehol@efsie WREZ model allows resource planners to

2 One particular example of such an approach i€tiergy and Environmental Economics, Inc. (E3) Gheese
Gas (GHG) Calculator used by the California Publitities Commission (CPUC) to evaluate policiesc{uding
renewable development and energy efficiency) tacedhe greenhouse gas emissions in the electaiciynatural



identify attractive resources from their perspective, similar to thevadsie resource ranking
developed in the California Renewable Energy Transmission Initiative JR&FIBlack &
Veatch (B&V, 2009). The WREZ model, however, goes further by allowing adyzioae in
the entire Western Interconnection to use the model to evaluate the rdtativevaness of
renewable resources located within WREZ-identified hubs, and to identify ijpbfgartners (or
competitors) in building transmission to access those resources. A key compdhenV&EZ
model is the estimation of the bus-bar costs, transmission costs, and market dédfeecot
resources to different load centers in one screening tool.

In contrast to simple Excel-based screening tools, transmission and eeglaumers often use
proprietary, advanced simulation software that is data intensive and is dev&a@reswer
specific questions. For example, the WECC transmission path rating processmglower
flow, stability, and post-transient studies to identify the simultaneous pamsifdr across
transmission paths due to new transmission investments. These studies focus oarparticul
snapshots during times of stressful operating conditions. Planners are réguipd both the
output of all generators and the demand for power at all loads during the studgésst The
WECC TEPPC transmission planning forum, on the other hand, uses an advanced production
cost model (PROMOD) to simulate the dispatch of all generators in the VgD while
considering transmission limitations and generation characteristicanddie includes detailed
hourly renewable generation profiles and part-load efficiencies arteligt times of
conventional generators. A production cost model of this nature can show the imgdaingf
renewable resources or transmission to the WECC grid, but it requires the ngeit theé
location and type of renewable generation to include in the model. The productiorodest m
does not provide direct guidance in selecting which renewable resources to incheleodel.
Finally, within the resource planning process, utilities and others often usesrtizatdielp
choose between several different supply-side (and sometimes demgrehsidgy options in
meeting future load. These models, however, rarely include detailed informadion a
transmission costs and different generation profiles. Results from the WREEwibdet
replace these other tools and methodologies, but can provide useful guidance in dimécting a
providing input into those more-detailed assessments.

This paper is the first to use the WREZ data and model to identify the reselgcgon,
transmission expansion, and costs required to access WREZ resources undedifievent
renewable energy procurement, technology cost, transmission, and policyasceiraso doing,
it builds upon a wide range of earlier studies that have evaluated traosnpkssining in the
West for renewable energy. The Clean and Diversified Energy Advisory GaarfCDEAC),
for example, evaluated the transmission needed to reach a 2015 goal of 30,000 tsa¢yat
of “clean and diversified energy” in the West (CDEAC, 2006)he Wind Deployment System

gas sectors in California. The E3/CPUC GHG Calitulis publicly available at
www.ethree.com/cpuc_ghg_model.html

¥ CDEAC evaluated a reference case and three soenhiih efficiency, high renewables, and high cagie
reference case added 20 gigawatts (GW) of increahegmiewables while the high renewables case a6A€\V of
renewables. Increasing the renewables above taeerafe case added $6.8 billion in new transmissiomrontrast
to the WREZ model, the resources and transmisglatted in the CDEAC cases were based on experioopand
recommendations from resource task forces. Theetsal resources were then evaluated in an adva@moddction
cost model.




(WinDS)* was used in the DOE/NREL/American Wind Energy Association (AWEA) “20%
wind by 2030” analysis to identify the optimal sites and transmission expansion inited U
States to meet a target of 20% wind energy by 2030 (U.S. DOE, 2008). A similar model, the
Concentrating Solar Deployment System (CSDS), was used to estiman#mission needs
for deployment of solar thermal in the southwest United States with and withowatladiity

of federal incentives (Blair et al., 2008). General Electric (GE) devélapereening analysis to
pair resources and loads in its site selection algortithrtheWestern Wind and Solar
Integration StudyLew et al., 2009). Finally, Olson et al. (2009) used resource data from
resources in the Western Interconnection to evaluate the benefits of newdtamgeli
transmission to meet renewables portfolio standard (RPS) and greenho(SelGagoals in

the Western Interconnectién.

The remainder of this paper is organized as follows. In Section 2 we prasardrview of the
method used in the WREZ model to broadly account for the differences in bus-bar costs,
transmission costs, and market value of different renewable resources, amkl tttose
resources from the perspective of a load zone in the Western Interconnecttidn $eve vary
several of the key parameters and uncertainties, one at a time, for meggresevind, solar, and
geothermal projects to show the degree to which different parameterdezzriresf economic
attractiveness of the different renewable resources. In SectioreXamene the relative
economic attractiveness of WREZ resources, the transmission requiredds tise resources,
and the costs of the resources for several different renewable energgiergrenarios within
the Western Interconnect. These expansion scenarios include incremBiialrdsource
procurement targets to meet 12%, 25%, and 33% of the annual energy demand in the WECC
with new RE for a target year of 2029. The 33% RE scenario is then evaluated nnddver

of different assumptions about transmission, technology options, resource coktbildy aif
federal tax incentives, and acceptance of renewable energy credits) (RE®@slusions are

* The National Renewable Energy Laboratory (NREA$ kince combined the functionality of the WinD$ an
CSDS models into the Regional Energy Deploymente®ygReEDS). ReEDS is another advanced generatidn
transmission expansion model that can be used ke negional renewable energy choices to meet speaifjets.
ReEDS includes a significant database of renewalsieurce quantity, quality, and cost informatidong with the
U.S. transmission network. The model is used tduew@ policy impacts on conventional and renewakeleeration
and transmission expansion out to 2050 in two-Yiea steps. The transmission expansion analysReEDS is
based on a simplified transport model rather thpowerflow model that captures the physics of elety flow in
transmission networks. The ReEDS model is verygswand more detailed than the WREZ model, howetés
implemented in the General Algebraic Modeling Sys{&AMS) language and is not available in a sintpteel-
spreadsheet form. Sensitivity cases and scenéinegfore, cannot be evaluated by a wide setagksiblders. The
NREL ReEDS model is described in detailavw.nrel.gov/analysis/reeds/

® The GE algorithm was not used to choose betweerelit renewable resource types, however. Instead
algorithm was used to pick resources to meet spdaifgets for wind or solar expansion. Furthemnalue to
intense data requirements for the method employedH the algorithm was not implemented in a pulic
available Excel spreadsheet. The GE site seleatgorithm methodology and preliminary results available at:
http://wind.nrel.gov/public/WWIS/stakeholder%20mniagt/8-14-08/GE4-New%20Scenarios.pdf

® Olson et al. (2009) evaluated the cost effectiserd expansion of different transmission corridmsed on the
cost effectiveness of wind, solar, geothermal, lasissn and hydro in meeting renewable targets aretadossil-
fuel alternatives for multiple load zones in the @Eregion. Overall, their analysis is very simiiaithe analysis
presented in this paper, with a number of methaglcdd differences that affect the relative valuatad renewable
resources. Additional results from their eartierdy, “Load-Resource Balance in the Western lotanection:
Towards 2020” is available atww.weilgroup.org/E3_WEIL Complete_Study 2008 082%df The estimated
cost of cost-effective long-distance transmissmmeet GHG and RPS targets in 2020 is $5 to $librhil




offered in Section 5, while additional details regarding assumptions, methods, atdamesul
provided in the appendices.



2. Overview of WREZ Model: Framework for Comparing WREZ Resour ces
2.1 Overall Framework

The WREZ model separates the Western Interconnection into twenty load zogesppecally
located near major metropolitan regions and fifty-five renewabtaires hubs. At least one
load zone was identified in each state and province; states with large popuéigartzave
multiple load zones. Renewable resource hubs represent geographic dreaseait 1,500
MW of high-quality potential renewable energy projects located within a ll@Cadius (WGA,
2009). Details on the data and resource selection process used to identity andrizeatiaese
resource hubs are available from Pletka and Finn (2009). The potential ren@sablees
identified in the WREZ hubs are summarized by resource type and statdenlTand shown
graphically in Figure 1.

Table 1. Renewable resour ce potential of resour cesidentified in the WREZ model’

Renewable Resource Identifed in WREZ Model (TWh/yr)

State or Province Geothermal Biomass Hydro Wind Solar
AB Alberta - 1.6 6.3 13.6 -
AZ Arizona - 19 - 9.2 66.9
BC British Columbia 1.4 6.5 21.4 34.1 -
BJ Baja, Mexico - - - 8.8 17.6
CA California 10.9 0.6 - 16.0 54.6
Cco Colorado - 0.8 - 42.7 6.8
ID Idaho 0.6 2.3 - 4.0 -
MT Montana - 1.0 - 32.4 -
NM New Mexico - 0.4 - 36.6 45.1
NV Nevada 9.0 1.9 - 11 54.9
OR Oregon 5.6 4.5 - 7.4 -
TX Texas - - - 13 141
uT Utah 1.1 0.6 - 4.2 18.6
WA  Washington - 0.6 25 8.2 -
WY  Wyoming - - - 48.9 -
Total 28.6 22.9 30.3 268.5 278.8

" Our analysis ignores projects that were identifiethe WREZ resource database that were smaker30 MW.
This excludes only 1.7% of the total renewable ueses identified in the WREZ database and allow® usack
30% less resource project IDs in the analysis.



WREZ QRA Hub Map

o )
"Hubs" are regional, graphical representations of renewable resource potential in the Westem
| Interconnection for purposes of evaluating interstate transmission lines. Hubs are sized in
proportion to the total amount of electricity (in terawatt-hours) that the resources in the QRAs might
produce over the course of one year under the assumptions used in the WREZ initiative. These
estimates exclude a number of areas for environmental and technical reasons and they discount
the remaining resource potential to account for unknown development constraints. In some
instances, the energy generating potential of a QRA is also reduced to account for certain
environmental sensitivities identified by state wildlife agencies. Hubs do not represent physical
boundaries. Hubs do not indicate actual planned transmission service to these areas, the location
of planned transmission interconnection points, nor is renewable development precluded in other
areas where no hub is shown.

All resources that meet the minimum quality thresholds defined by the ZITA working group for
inclusion in this study are shown on this map. However, the resources that are quantified in each
Qualified Resource Area (QRA) include only the highest-quality wind and solar resources in each
state, as well as biomass, hydropower and geothermal with known commercial interest. The
minimum wind and solar resource quality criteria vary in each state. For instance, only wind
resource areas that are wind power class 5 and above count toward the QRA estimates for WY
and MT due to the abundance of high-quality wind resources in these states. In other states where
the wind quality is generally lower, the thresholds are also lower.

Alberta

Resources that do not meet the state-by-state or general quality thresholds are quantified in the
WREZ report as part of the “non-WREZ" resource analysis. These include low quality wind and
solar thermal, solar PV, undiscovered conventional geothermal potential, enhanced geothermal
. ° . systems potential and all other viable renewable resources.
NABNEC] ‘

The assessment of conventional geothermal resources is limited to BC, CA, ID, NV, OR and UT

due to the known high potential of conventional geothermal resources in these states. Biomass
° resources are quantified as part of the WREZ supply curve analysis for each QRA, although these

resources are not shown on this map. The US hydropower resource assessment is preliminary and
based on data that have not been validated or may be out of date. Therefore, both the location and
the generating potential of US hydropower resources shown on this map are highly uncertain.
Hydropower resource potential is not quantified in Alberta with the exception of one very large
potential project in the north because data on the resource potential in the rest of the province are
not publicly available.
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As discussed in the introduction, renewable resources located outside of WREZ hubs were not
considered in our analysis, though we recognize that there are non-WREZ ren@sabltces
that are viable for meeting some fraction of the overall renewable resdemtand in WECC.



Additional information on the vast quantity of these non-WREZ resources is sinadiar
Appendix E. Since we do not evaluate non-WREZ hub resources in our analysis, our results
reflect the transmission and resource selection that might occur if WR&Zcehubs were to

be the primary source of renewable energy to meet aggressive renewaipyetangets by 2029.
Given the focus on resources in WREZ hubs, the results of this analysis should be used to
understand the transmission and renewable energy procurement decision of one I=iatiaei

to another; one should not interpret these results as projections of future treomsexpansion
and renewable energy procurement decisions. Future analysis should evalpassitiie
attractiveness of non-WREZ resources compared to the WREZ resources ednseter while
recognizing that non-WREZ resources may require lower voltage transmisg®n |

The generation and transmission model developed for the WREZ initiative enablds users
evaluate the relative economic attractiveness of any of the rbleemesources in fifty-five
WREZ hubs to any of the twenty load zones in the west. In addition, a user canhassess t
economic attractiveness of resources from the perspective of any other lo4o eealeate the
potential for collaboration in building transmission lines to access the cesaurthe potential
competition among loads for limited, high-quality renewable resourcesreldiege economic
attractiveness of a resource to any load zone in the WREZ model is measaneettoi called
theadjusted delivered co§ADC). The ADC is the delivered cost of a resource to a load zone
considering bus-bar and transmission costs, adjusted for key market value adjtesttoes)t
and is reported in dollars per megawatt-hour ($/MWh) terms. Market value adjtsane
applied to compare, at a screening level, technologies that have diffenemation
characteristics and therefore different values to the electricitgrays

More specifically, the WREZ model defines the simple (unadjusted) delivest@< the
generation (or bus-bar cost) of a resource plus the cost of transmisditimealosses to deliver
the electricity produced by that renewable resource to a particutbzdo. To produce the
ADC, three market value adjustment factors are considered: (1) integratisn(2pavoided
resource adequacy costs, and (3) avoided time-of-delivery energy ledstgation costs-the
costs of accommodating the uncertainty and variability of variable ressgsach as wind and
solar without thermal storage—are added to the delivered Aesided resource adequacy
costs— which represent the contribution of a renewable resource toward resosgcacyl

needs (the capacity value)—are subtracted from the delivered costy,Famaltled time-of-
delivery energy costswhich are due to the time dependent energy costs displaced by electricit
from a renewable resource (the time-of-delivery [TOD] energyeyahare subtracted from the
delivered cost. Figure 2 illustrates this calculation framework, anddas a representative case
that demonstrates how the relative economic attractiveness of ressoancghift as each of these
economic drivers is considered. For example, solar resources become raotigaiirhen

market value adjustment factors are considered because these resaug@higher TOD

energy value and contribute more toward resource adequacy for the load zone edmnsither
figure, compared to wind resources. Each of these factors is discussed in @b e bst.
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zonesin the WREZ model

2.2 Bus-bar Costs

Bus-bar costs are defined as the cost of delivering the resultingetgdtrithe nearest
transmission system substation, and are derived from a simple levelizext-easrgy model
developed by the Zone Identification and Technical Analysis group (ZITA) bk B Veatch
within the WREZ process (Pletka and Finn, 2009). Bus-bar costs depend on the assumed capital
and operating cost of the generation facility, the cost of building a newagjendie-line from
the middle of the resource region to the nearest transmission substation, thg &aqtaciof the
renewable resource, and financing parameters—including the capitalisrwdst of debt and
equity, and tax rates. ZITA and Black & Veatch developed these various input s m@ed
the core results presented in this paper rely upon those assumptions. A sumnsaiyset af
these various input parameters, as well as the resulting bus-bar costs, idgroViaele 2. The
range in capital cost, capacity factor, and bus-bar costs reported e2Zhaithin any individual
renewable resource type reflect ZITA and Black & Veatch assumptionsa@itons in cost
drivers across renewable resource sites.



Table 2. Range of capital costs, capacity factors, and bus-bar costs based on starting point
assumptionsin the WREZ model

Bus-Bar Cost with Starting

Total Capital Cost ($/kW) Capacity Factor Point Assumptions ($/MWh)
Renewable Technology - - ]
Energy (10th; 90th Energy (10th; 90th Energy (10th; 90th
Weighted Percentile) Weighted Percentile) Weighted Percentile)
Median Median Median
Hydro 4,263 (1,106 ; 9,818) 50%  (39% ; 51%) 128 (27 ; 376)
Biomass 3,659 (3,515 ; 3,824) 85%  (85% ; 85%) 115 (109 ; 147)
Geothermal 5,064 (4,355 ;5,901) 80%  (80% ; 90%) 92 (78 ; 108)
Wind 2,418 (2,396 ; 2,469) 31%  (28% ; 39%) 92 (73 ; 121)
Wet Cooled Solar
- 0, 04 - 0, .
Thermal with Storage 7,473 (7,465 7,556) 38%  (30% ; 40%) 163 (155; 193)
Wet Cooled Solar
- 0, 0f - 0, .
Thermal without Storage 5,174 (5,165 ; 5,352) 27%  (21% ; 29%) 169 (161 ; 212)
Dry Cooled Solar Thermal 7,674 (7,665 : 7,756) 36%  (29% : 37%) 175 (170 ; 201)
with Storage
Fixed PV 4,576 (4,565 ; 4,690) 25%  (22% ; 26%) 156 (150 ; 179)

In addition to the data summarized in Table 2, we used the following assumptionbaseur
case analysis:

All projects are assumed to be financed with independent power producer (IPBnna
assumptions, with a somewhat more aggressive debt-term assumed fochalalotges
than for other renewable technologfes.

All solar resources in the base case analysis are assumed to be wet-caoliisobl
electric facilities with six hours of thermal storage.

The 30% investment tax credit (ITC) is available to all renewable resdwides the
United StateS. A slightly less attractive tax credit is available in Mexico. Aot
depreciation, similar to the accelerated depreciation available to releewaources in

the United States, is assumed for Canadian resources.

Capital costs reported in Table 2 represent the total cost of the renewadsiatioa

facility as estimated by ZITA and include costs to interconnect to thestdagh-

voltage (115 kilovolt [kV] or above) transmission substation. Capital costs vary for the
wind and solar technologies due to the distance of the resource to the nearest substation.
Capital costs vary for geothermal and biomass projects because of distancelanedi ass
plant size (larger plants are cheaper). The capital costs of hydroponisryaey based

8 The IPP financing assumptions include a 60% deb#/4quity financing structure, a debt interest cdt8%, a
target equity return on investment of 15%, a 15+gedt term for all non-solar technologies, anda/@ar debt
term for all solar technologies. The longer debtrt for the solar technologies was a decision nigdbe ZITA
group “based on stakeholder input” (Pletka and F2009).

° The 30% investment tax credit is set to expireaforenewable resources. Solar and geothermaleter, are
eligible for a 10% investment tax credit that hasemplicit expiration date under federal law. Wssume all wind
resources would use the 30% ITC rather than the. FBd@inger et al. (2009) find that wind resouredgth capital
costs around $2,400/kW and capacity factors of téfer the ITC over the PTC. Lower capital costd higher
and capacity factors, however, will tend to male R C more attractive than the ITC for wind. Wendb consider
this choice on a project by project basis, butalyrhe important in more detailed analysis.
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on distance, plant size, and type of plant (incremental upgrades to existing dams are
cheaper, new run-of-river projects are the most expensive) (Pletka and Finn, 2009)
e All costs are reported in 2008 constant dollars.

2.3 Transmission Investment, Operations, and Line L osses Cost

All renewable resources in the WREZ model are assumed to require new tsamsicapacity
between the interconnection point of the renewable resource and the load zone that precure
resource. Because the WREZ effort is primarily focused on large additions ofmevalde
generation in concentrated, high-quality resource zones, this assumptiencavisiervative, is
reasonable. Nonetheless, this assumption may lead to an overestimate of the oeséwable
generation because: (1) some portion of these resources might rely on exassnggsion
capacity, and (2) there are renewable resources that were not identiiedMREZ process that
may not require new transmission capacity. Additionally, assigning theo&tlof transmission
capacity to new renewable resources assumes that the transmissionantesies not offset

any other transmission upgrades that would otherwise be required for rtgliaaigons.

The transmission costs assigned to renewable resources are based oneaspayegatf the new
incremental transmission investments between the resource hub and a load zqre-ratae
share is allocated using the nameplate capacity of the renewableeesdbe model includes
several different transmission line choices ranging from a simgleic230 kV line to a single
circuit 765 kV line. As a starting point, and in our base case results, the modelsusgie-
circuit 500 kV line with 1500 MW of transmission capacity. The cost of transmission i
proportional to the length of the line, while the distance between resource hubs arahkmais z
primarily based on existing transmission corridors or rights of way. Thentiasion costs also
include right-of-way costs, operating costs, and substation costs for subdtaios® added, on
average, approximately every 150 miles (mi). The capital cost and traap#arity rating
assumptions for the 500 kV line leads to a total transmission capital cost of $1,564iMW-m

The assumption that renewable generators only pay a pro-rata sharetanssaission capacity

may understate costs due to the fact that 500 kV transmission lines can only lmedisiitate
increments (i.e., transmission investments are “lumpy”). The pro-eatsnission allocation
assumption ignores the lumpiness of transmission by assuming that a treomshimess always

fully subscribed* As a result, a 100 MW renewable project is assumed to pay the same amount
for transmission on a dollar per kilowatt-year ($/kW-yr) basis as avedie projects that is

1500 MW and is able, individually, to fully subscribe a 500 kV transmission line. In redlity
course, 500 kV transmission lines can be built in 1500 MW increments but cannot be built in 100
MW increments. If the only attractive renewable resource in a WREhAdmib nameplate

19 The capital cost includes a 10% Allowance for Rublded During Construction [AFUDC] rate. This ¢ab¢ost
is levelized assuming a 60% debt/40% equity finagsitructure, a debt interest rate of 7%, a taggeity return on
investment of 11%, and a 20—year debt term.

1 A fully subscribedransmission line is one in which the nameplateaciyp of the renewable resources procured
over the line is equivalent to the transfer capaaitthe transmission line. Aover subscribedine, where the
nameplate capacity of the resource exceeds theférarapacity of the transmission line, may leathtoeased risk
of curtailment and was not explicitly evaluatedimr analysis. This is a different definition the utilization of a
transmission line, as discussed in the next foetnot
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capacity of 100 MW then transmission planners would build a much lower-voltage saiggmi
line (below 230 kV), resulting in a much higher cost on a $/kW-yr basis. In checking the
reasonableness of the pro-rata allocation assumption, we find that 89% to 99% of the new
renewable capacity procured from each state or province for each individual loadaddéde
sufficient to reserve two-thirds or more of the transmission capacity adtlesl 33% RE

demand cases presented later. In other words, most load zones procure at least TO0@MW
renewable resources within a state over the assumed 1500 MW, 500 kV lines. Cooperative
transmission investments by multiple load zones, and use of available traosrisaon-
renewable resources, would further increase line subscription. Ignorihgrthmess of
transmission for the present analysis is therefore not unreasonable.

The pro-rata allocation assumption based on the capacity of the resourcedsstimaes that
transmission costs on a $/kW-yr basis are equivalent between baseload resmir@ces
geothermal and variable resources like wind. As a result, the utilizatteansmissioff is
always lower for a low capacity-factor resource than it is for adadeesource, increasing the
cost of transmission on a per-MWh of electricity basis for these lower tafeatior
technologies. This assumption may overstate the cost of transmission for lowyefzuaar
resources in cases where the availability of transmission-congestiogemnaara products allow
fuller utilization of transmission lines (Stoft et al., 1997), including the usecsfanic
redispatch, non-firm transmission access, and conditional-firm tragiemid

12 Utilization is defined in this case as the ratio of the actnargy sent over a transmission line relativéo t
energy that could be sent over the transmissi@nifipower equivalent to the transfer rating of ttasmission line
were always transferred over the line. In the ¢haethere are no curtailments and only a singgeurce is
transmitted over a line, the utilization of thediwill be equivalent to the capacity factor of tesource.

131t is often suggested that flexible resourceshsagnatural gas plants or storage, could be s#adrenewable
resources and operated in a way that would “fillthee unused transmission capacity during timesnhe variable
resource was not at its full capacity in ordemréase the transmission utilization and decrdasedst of
transmission for the variable generator. This apph, however, may have an opportunity cost assaciaith
operating the flexible resource not to maximizenirket value but to maximize transmission utiliat Further,
siting the flexible resource far from the load zdiris serving will increase transmission lossdatree to siting the
plant at the load. A number of studies have exaththe conditions under which these tradeoffs faitorg the
flexible resource near the renewable resource réta@ near the load (Phadke et al,, 2009, DenlasidhSioshansi,
2009). We examined an illustrative example of ginig Wyoming wind to Seattle that shows why simgiting a
gas plant in Wyoming to increase the transmisstdization is not enough to justify lower transmss costs for
wind. We sited 1500 MW of CCTG in Seattle and disped it to maximize the market value of the CCGhe
capacity factor of the CCGT was about 60%. We tudohed the cost of shipping 1500 MW of Wyoming waner
a 500 kV transmission line with a capacity factod &ransmission utilization of 40%. The total eyyeweighted
adjusted delivered cost of the two resources was\vbd/h. We then removed the load sited CCGT ancdddb00
MW of CCGT capacity in Wyoming that was dispatclaedund the Wyoming wind to create a flat block ofver
and a 100% utilization of the transmission from \Wyag to Seattle. The CCGT again had a capacityfaxf
about 60%, but a much different output profile thlae 1500 MW CCGT sited in Seattle. The transroissiost for
wind decreased by $48/MWh by sharing the costasfamission between the wind and CCGT plant, bubteeall
adjusted delivered cost increased by $22/MWh tdiiBvh. If the natural gas price differential beemeWyoming
and Seattle for electric power were consistentigr&8.5/MMBTU more in Seattle then the adjustedveetd cost
of wind and the CCGT in Wyoming that is dispatclaeound the wind would be about equivalent to thjasidd
delivered cost of building the CCGT in Seattle ahigpping only wind over the line from Wyoming. §hi
difference in natural gas prices is larger thandifference observed in 2007 for industrial custesn(&IA, 2009 p.
56). We therefore suggest that much more detaitedlysis is required before it is reasonable tgpkirassume that
a flexible resource will be sited with the windsmlar plant to “fill-in” the transmission line.
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The cost of line losses is also included in the delivered cost of each renexgabiee. The
cost of line losses is estimated based on the fact that the elgdbstithrough transmission
lines is generated by the renewable resource but not delivered to the load ze@ssimed
losses for the 500 kV line used in our base case analysis equals 0.7% for everlgd @ Ime
distance, and the cost of losses captures both the increased cost asaattigterchasing
renewable electricity that is not delivered to the load zone and the cost oh8mission
capacity for electricity that eventually is lost.

24 Market Value Adjustment Factors

To enable comparisons among renewable resources that have widely vagtincpél@utput
characteristics, the delivered cost of renewable energy is adjustemtmafor the market value
of difference resource-load zone pairs. These market value adjustment fadtats TOD
energy value, capacity value, and integration cdsfEhe market value adjustment factors
applied here are indicative of the cost and value of adding renewable energy toysberas st
low to moderate levels of renewable energy penetration. Though the market vainevedlnle
energy will tend to decrease with increased penetration, we do not alter thm#rket value
adjustment factors with penetration in the WREZ model. Though clearly afsiatpn, the
discussion in Appendix A suggests that this assumption is not unreasonable in a stegehing-
assessment; nonetheless, changes in the market value of renewablevdhargyeased
penetration, particularly the TOD energy and capacity value, deséteesom in more detailed
analyses.

2.4.1 Time-of-Delivery Energy Value

The time-of-delivery energy value of a resource reflects the aldisd and operating cost from
conventional generation plants that are used less frequently with the additioeveabée
energy. Because these fuel and operating costs vary seasonally and damddiigcause the
generation profile of renewable energy varies by technology and resocatien, the avoided
energy cost must be considered based on the correlation of renewable energiwggmefiges
with periods in which the marginal production cost in the power system is high. Mqreover
because marginal production costs vary by load zone, the TOD energy value afidgparti
renewable resource will vary based on the load zone to which it is delivered.

The TOD energy value of a resource-load zone pair is calculatbows g1 Equation 1, while
the TOD energy factors simply defined as the ratio of the TOD energy value to the annual
average marginal production cost.

Z EnergyGeneratedMWh) - MarginalProductionCost($/MWh)
AnnualEnergyGeneratio{MWh/yr)

TOD EnergyValue($/MWh) =

Equation 1

14 Other possible adjustment factors, such as valueducing carbon emissions, are useful when cdampar
renewable and non-renewable resources. Becau¥eREZ model is focused on determining the relatamking
of different renewable resources, however, we ekelonsiderations of carbon reduction value.
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The better correlated a resource generation profile is with maggimdliction costs, the higher

its TOD energy value will be. Solar energy, which tends to generate moee gormng periods

of high demand for electricity, has a relatively high TOD energy value cechparesources

with generation profiles that are largely uncorrelated with demand, sweimd (Grubb, 1991;

Hirst and Hild, 2004; Borenstein 2005, 2008; DeCarolis and Keith, 2006; Denholm et al., 2008;
Fripp and Wiser, 2008; Lamont, 2008). Figure 3 provides an example in which the average
marginal production cost across all hours for the Phoenix load zone is $64.4/MWh, anddvind a
solar output profiles are considered. The TOD energy value is the sum of the hoartiga

and the load zone's marginal production cost divided by the total energy generateccasethe
presented here, the TOD energy value of solar is $72.2/MWh and the TOD ewtogisfa.12.

The TOD energy value for wind is lower, at $63.6/MWh, with a TOD energy fat@®9.

—=—AZ Solar Thermal with Storage 120
—WY Wind

— Phoenix Marginal Production Cost
777777777777777777777777777777777777777777777777777777777 - 100

—————— - 20

(2]
o
Marginal Production Cost ($/MWh)

Generation as Percent of
Resource Capacity (%)

Aug Sep Oct Nov Dec

Figure 3. Example of TOD energy value comparison for WY wind and AZ solar thermal with
storagefor the Phoenix load zone

The marginal production costs used in the WREZ model are derived from a production cost
model run of the WECC region using the production cost model (PROMOD). Hourlyplecati
based marginal production costs from the PROMOD run were converted into twahtie-oy
twenty-four-hour average marginal production costs (12 X 24). Similarly, dBveloped

12 X 24 generation profiles for each renewable resource type at each WREZibmasBand
some geothermal resources are assumed to have flat generation profdbsyebtaermal
resources have generation profiles that decrease with increasing amhjgariateire, due to
efficiency losses. Generation profiles for wind energy and solandémgies without thermal
storage are modeled with historical meteorological data. Gemembfiles for solar thermal
with six hours of thermal storage are based on storage dispatch profiles thatzaaixe
revenue to the plant for Southern California peak periods (Pletka and Finn}2009).

*Because the generation profiles of the solar thewith thermal storage resources maximize the reedor
Southern California load zones, the profiles wilt necessarily reflect the maximum value that sthlarmal with
storage will provide to all load zones in the WEf@@ion. Based on some simple calculations, howehisrdoes
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The median, 10, and 98' percentile of the TOD energy factor for each renewable resource
considered in this report combined with the marginal production costs in each of the load zones
is summarized for each renewable technology type in Table 3. The tabdbaenthe TOD
energy value assuming an annual average marginal production cost of $65/MWh. Solar
technologies have the highest TOD energy factors while wind technologies héwedhbe
factors. Baseload renewable technologies, such as geothermal and biowea$§)Danergy
values that are equal or nearly equal to average marginal production costse fRedtan
resource-load pair, solar technologies are found to be roughly $7/MWh more valuabiéritia
energy considering TOD energy value alone, while baseload technologiesrat¢o be only
slightly more valuable than wind, on average. Solar thermal technologies wittatis¢éorage,
again based on TOD energy value alone, are roughly $2/MWh more valuable thavitholatr
storage.

not appear to create a large bias in the resypescifically, we used the 12 X 24 resource and loadiles from the
WREZ resource database to create a simple “enalgybe” type solar thermal dispatch algorithm algsf the
WREZ model. The algorithm uses the profile of listhermal plant with wet cooling and no storaggénerate
the resource input to a solar thermal plant wixhhgiurs of thermal storage and a solar field miidtipf around 2.
The power block and storage are dispatched to magithe capacity value and TOD energy value usmgl2 X
24 series of marginal production costs and peatk pmaiods. The energy balance method assumeththttermal
heat to thermal storage has a round-trip efficienfc§0%. We dispatched a Nevada solar thermat piatine
marginal production cost and load profile of Losg&fes. We then used the same dispatch profilalteevthat solar
thermal plant to Portland, as is done in the WREeh To estimate the degree to which this assiempt
understates the value of solar thermal with sixraif storage to the Portland load zone, we thepadch the
Nevada resource to match the Portland profile ahclitate the improved value of the plant. We finat the
increase in capacity value and TOD energy valuevdptimally dispatching the solar thermal planthngtx hours
of thermal storage is on the order of just $1/MWhihile this is not a comprehensive assessmenteofdlue of
optimally dispatching thermal storage for differtodd zone characteristics, it does indicate thaissumptions in
the WREZ model are appropriate for a screening laod.
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Table3. TOD energy factor and TOD energy valuefor all renewable resource and load zone
combinationsin the WREZ model

TOD Energy Value Assuming $65/MWh

TOD Energy Factor Average Marginal Production Cost ($/MWh)

: (10th; 90th : (10th; 90th
Technology Median Percentile) Median Percentile)
Hydro 1.01 (0.94;1.12) 65.4 (60.9 ; 72.7)
Biomass 1.00 (2.00; 1.00) 65.0 (65.0 ; 65.0)
Geothermal 0.99 (0.98 ; 1.00) 64.4 (63.7 ; 65.0)
Wind 0.98 (0.86 ; 1.09) 63.4 (55.7 ; 70.8)
Wet Cooled Solar ) )
Thermal with Storage 1.09 (1.07 ;1.13) 71.0 (69.5; 73.5)
Wet Cooled Solar ) )
Thermal without Storage 1.06 (1.04 ; 1.10) 69.0 (67.7 ;71.4)
Dry Cooled Solar Thermal 1.09  (1.07:1.13) 70.9 (69.4 ; 73.3)
with Storage
Fixed PV 1.05 (1.04 ; 1.08) 68.3 (67.6 ; 70.3)

2.4.2 Capacity Value

Because the TOD energy value is based only on marginal production costs, aerésdurc
provides significant capacity will be undervalued with the TOD energy \adune. In real
energy markets, prices rise above marginal production costs during peak p#dowdisg a
generation facilities to recover fixed costs, or else revenues gmeeated with a capacity
market payment that is separate from and additional to the energy payment.

We capture the capacity value of renewable resources as the avoided lcestl@rhative

resource that would otherwise be used to meet resource adequacy needs, cotisdeajrarity

credit of the renewable resource. The avoided cost of the alternative resodrtemset

resource adequacy needs is assumed to be the fixed cost of a new gas turbiregrealées a
starting point, we assume investor-owned utility (I0U) financing, a dayuish of $1,090/kW,

and a fixed operation and maintenance (O&M) cost of $10/kW-yr. This yields éetathtred

fixed cost of $156/kW-yr or $17.8/MW-h, which is used in our base case analyses; due to a wide
variety of cost assumptions for peaker plafitse test the sensitivity of our results to the capital
cost of a peaker plant in an alternative sensitivity case.

16 Assumed levelized fixed costs for peaker planty wathin the western United States: studies infGalia have
used costs as high as $200/kW-yr, while integragedurce plans elsewhere use values as low as\9@lk
Recent forward capacity market auctions in ISO-NEwgland (ISO-NE) resulted in capacity paymentsrdy o
$54/kW-yr. The reliability pricing model results the PIJM power market lead to capacity pricesA0F90/kW-yr,
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The ability of variable renewable generation to contribute toward resaleqeacy
requirements (and therefore displace other capacity resources) hasubeshistdetail for wind
(Milligan, 2000; Gross et al., 2006; Holttinen et al., 2009) and solar (Hoff et al., 2008). The
capacity credit of resources ideally should be based on an evaluation of theesltect

carrying capability (ELCC) of a resource using a probabilistiabidity analysis (Milligan and
Porter, 2006). Since such an analysis would be too complex to perform for all resources in a
screening level tool, we use the simple approximation that the capadityi€tbe capacity
factor of the renewable resource during the peak 10% of load hours for the load zbrehto w
the resource is delivered. Though this is only an approximation of the capadityotee
resource, Milligan (2000) indicates that such a method provides a reasonald¢eestioapacity
value based on a detailed comparison of various methods for calculating theyaapdit of
wind. More specifically, the capacity credit of each resource-loadspeafculated in the model
using the 12 X 24 average generation and load prdfil&ach renewable resource, therefore,
receives a capacity credit for each load zone to which it could be deliverecalthkation of

the capacity value on a per unit energy basis is shown in Equation 2, below:

CapacityCredit

Capacityvalue($/MWh) = FixedCostof PeakingUnit ($/MW - h)- ,
CapacityFactor

Equation 2

A key parameter in this relationship is the ratio of the capacity crediétoapacity factor. A
baseload resource that has a flat generation profile at its rated namapkatity will receive a
capacity credit of 100%, and it will have a capacity factor of 100%; the cateoldaseload unit
would therefore be about 1. A peaking unit, on the other hand, produces at its nameplate
capacity only during periods of generation scarcity. It receives a 100%tyapadit, but its
capacity factor may be only 10% or even lower in some cases. The ratio ap#uoiy credit to
the capacity factor could then be 10 or higher for a peaking unit of this typendfplaint with a
generation profile that drops off during summer days, on the other hand, mayg @ecapacity
credit of around 10% when delivered to a load zone with a summer peak. If the wind plant has
an annual capacity factor of 35%, then this ratio is only 0.28, leading to a low gaadwod. If
the same wind plant were to deliver its power to a load zone with a winter nightgkesdn
such as in the Northwest, however, it may have a capacity credit of mo@b&taand the ratio
of the capacity credit to the capacity factor would could increase to naretie, with the
capacity value of the wind plant being be similar to or potentially even hilgheithat of a
baseload unit (Grubb, 1991, Stoft, 2008).

depending on the zone within PIJM. Forward capanaykets, however, are only meant to cover theqodf the
fixed cost of new capacity that cannot be coverethfrevenues in energy markets. Because energgson real
energy markets may rise above the marginal prooluctbst of peaker plants due to scarcity pricihg,forward
capacity market prices are expected to be somdavat than the resource adequacy cost we use WREZ
model.

" We found that the calculation of the capacitydacturing the peak 10% of load hours using deta8/260 hour
time series for both the renewable resource antbtteproduced qualitatively similar results to tagacity factor
during the peak 10% of load hours using the 12 X@deration and load profiles.
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The median, 1, and 98' percentile of the ratio of the capacity credit to the capacity factor for
each renewable resource combined with the load profiles in each of the load zones is
summarized for each technology type in Tablé Zhe table also shows the capacity value
range of each renewable resource assuming a resource adequacytbstldl/-yr. The solar
technologies are found to have the highest capacity values, while the wind egedsblave the
lowest, on average. The relatively low ratio of the capacity credit to theityafaetor for many

of the geothermal plants reflects the reduced output of these plants during pehiuits
temperatures, which in many locations correlates with periods of high faadhe median
resource-load pair, solar technologies are found to be $13-29/MWh more valuable than wind
energy, depending on the solar technology used, while baseload renewable techadctogie
found to be $4-8/MWh more valuable than wind, on average. Solar thermal technologies with
thermal storage, based on capacity value alone, are roughly $8/MWh motdeséthaa solar
thermal without storage, while fixed-plate PV is found to be $7/MWh less valilnviesolar
thermal plants that lack thermal storage. These averaged values onltoapelynedian
resource-load pairing, however, and as shown in the table, substantial variatiorcity capae
can exist within each individual technology category depending on the exactganprofile

of the resource and the demand profile of the load zone.

'8 The median capacity credit for wind was 17% witt08 and 98 percentile range of 11% to 42%, respectively.
The lower end of this range corresponds with thgaciy credit for wind in the West at 10-30% peattm on an
energy basis (Lew et al., 2009) and the higheraditis range corresponds with the capacity crestimated for
wind with a transmission overlay in the Eastereiobnnection at 20-30% penetration on an energg kaserNex
Corp, 2010). The capacity credits for solar weémnglarly within the range expected based on resuitishn more
detailed analysis in the West (Lew et al., 2009).
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Table 4. Ratio of capacity credit to capacity factor and capacity valuefor all renewable resource
and load zone combinationsin the WREZ model

Ratio of Capacity Creditto  Capacity Value Assuming $156/kW-yr

Capacity Factor Resource Adequacy Cost ($/MWh)

: (10th; 90th . (10th; 90th
Technology Median Percentile) Median Percentile)
Hydro 1.22  (0.28;1.99) 21.7 (5.0 ; 35.4)
Biomass 1.00  (1.00; 1.00) 17.8 (17.8 ;17.8)
Geothermal 0.76 (0.62;1.13) 135 (11.1; 20.0)
wind 0.55  (0.33;1.44) 9.7 (5.8 ; 25.7)
Wet Cooled Solar ] ]
Thermal with Storage 216  (0.77; 2.46) 38.5 (13.7 ; 43.7)
Wet Cooled Solar ] ]
Thermal without Storage 1.70 (0.5 ; 2.28) 30.2 (8.8 ; 40.5)
Dry Cooled Solar Thermal 203  (0.82:2.32) 36.1 (14.7 ; 41.3)
with Storage
Fixed PV 1.27  (0.88;1.68) 22.7 (15.6 ; 30.0)

2.4.3 Integration Cost

Integration costs are meant to reflect any additional costs incurred tgentuweavariability and
uncertainty of wind energy and solar technologies that lack thermal storage. b&mafm

integration cost studies for wind have been conducted in the United States and &wtae,

least one balancing area in the United States charges a wind balanding taaihage the

variability and unpredictability of wind (BPA, 2009). Wind integration costs in the aeS
generally found to be less than $10/MWh and often less than $5/MWh for wind penetrations up
to 30% on a capacity basis (Wiser and Bolinger, 2009). A recent wind integration study th
evaluated up to 30% penetration of wind energy on an energy basis throughout the Eastern
Interconnection estimated the integration costs to be $5/MWh (EnerNex Corp., 2Q&€3tute
surveys that include results from European studies find similar resultsrabegcosts reported

in one literature survey are estimated to be less than $10/MWh in 80&dliefsstand often less

than $6/MWh for penetrations up to and sometimes exceeding 20% on an energy baskt (Gross
al., 2007). In another survey, integration costs were estimated to be less than $5/Mil for
energy penetrations up to and sometimes exceeding 20% on an energy bagieiHll.,

2009)!° Relatively few studies have investigated the integration costs for scaroiogies

19 As described in more detail in Section 4, the aderwith the largest procurement of wind leada iwind
penetration of 21% west-wide on an energy baske rémaining renewable energy required to reacie€®@¢wide
33% RE target is a mix of solar, geothermal, bi@nasd hydro. As such, the integration cost rdagstudies up
to 20% wind on an energy basis should provide somble indication of the integration costs expboteeven a
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(U.S. DOE, forthcoming), though Mills and Wiser (forthcoming) find that thess eostlikely
to be similar to those for wind energy. Based on these findings, the startinggsaimipdion for
wind integration costs used in this study is $5/MWh. Integration costs for PV anthsoiaal
without thermal storage are more uncertain, and merit further study, bstsareed here to
equal $2.5/MWh.

WECC-wide 33% RE case. Integration costs are dftm®d on the assumption that sufficient transomssi
available to allow balancing area cooperation arsotidation to mitigate wind integration challengleat would
occur if small balancing areas attempted to baléarge quantities of wind relative to the loadhe balancing area
(Lew et al., 2009). Integration costs may be myiater if a high degree of balancing area coojperar
consolidation was not available in the 33% RE tacgses.
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3. Driversof Economic Attractiveness: Bus-bar Costs, Transmission, and
Market Value Adjustments

In this section we compare the relative sensitivity of the adjusted delivesedfdifferent
renewable technologies to changes in assumptions and input parameters. In so sloing, thi
analysis helps provide a broad understanding of which attributes and uncerte@nédébe most
affect on the relative economic attractiveness of renewable resontcesdiech may warrant
more detailed analysis. More specifically, we explore these setis#tifor three different
renewable technologies, geothermal, wind, and wet-cooled solar therhradltagy with six
hours of thermal storage, and under three sets of alternative assumptions — bass, wadc
high cost. These alternative assumptions are summarized in Table 5.

As shown in the table, to test the sensitivity of the adjusted delivered cost torlmastsawe
vary capital costs, geothermal O&M costs, and the availability of the ITCestgénsitivities to
transmission assumptions, we vary transmission voltage, transmission diataht@nsmission
utilization assumptions. Finally, we test sensitivities to various markes aaljustment factors
by altering the input parameters for the capacity value, TOD enafgg,\and integration cost
calculations. The resulting changes in the adjusted delivered cost reddtrechiase adjusted
delivered cost for each of the three renewable technologies are shown in.Figure

As shown in the figure, the adjusted delivered cost of all three renewable techs@dgghly
sensitive to assumptions about bus-bar costs. Due to its relatively high cagitdhe adjusted
delivered cost of solar thermal is the most sensitive to assumptions thabaffdrar costs: the
adjusted delivered cost of solar thermal increases dramaticallynerdased capital costs, lower
capacity factors, and when the 30% ITC is not available. The adjusted delivsred wind

and geothermal are also highly sensitive to capital cost assumptions amgtasss about the
availability of the 30% ITC, but less so than solar thermal.

The relatively low capacity factors of wind and solar thermal techredamnsure that the
adjusted delivered cost of these two technologies is highly sensitivaito@gms about the
transmission voltage used to move power from the renewable resource region to the load zone
and the required transmission distance. If options were available to integesrission
utilization for wind and solar to 60%, through better use of existing transmissiaitgapan-
firm transmission, economic redispatch, or conditional firm transmission,lberost of long
distance transmission for wind and solar would be significantly reduced, also ingptoei
adjusted delivered cost of these resources. More detailed analysis woedgiiped to identify
situations under which utilization could be increased to 60% along with the coststassadia
increasing utilization to this level. In contrast to wind and solar, geothesmaich less
sensitive to transmission distance and voltage assumptions due to the higly ¢aptaciof the
resource and the resulting high utilization of the new transmission lines.

Variations to market value adjustment factors are found to impact the ddjle$iteered cost of
the three renewable technology options to a somewhat lesser extent than thostepathat
impact bus-bar and transmission costs. Solar thermal has a high capaciiy vahs¢ cases due
to the strong correlation between solar thermal output and load. Some combinations of sola
thermal and load zones, however, lead to a low ratio of the capacity credit to ttieydaptor
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and substantially increase the adjusted delivered cost of solar thermal to thazsanies:
Similarly, assumptions about the cost of the avoided resource adequacy réseutte cost of
the avoided peaker plant) can greatly affect the adjusted delivered colstrahermal energy.
Wind energy, on the other hand, has a low capacity value in most cases, and thd adjust
delivered cost of wind is therefore relatively insensitive to assumpaiomst the resource
adequacy cost. There are a few cases where the ratio of the capalditiyp ¢hee capacity factor
for wind is above one, for instance, combinations of load zones in the Pacific Nortihatest
have loads that peak during winter nights and wind resources that generate nmesratpoght.
In these cases, the adjusted delivered cost of wind can be reduced substantialiyes @hthe
assumed cost of wind integration, meanwhile, are found to have relatively |péetion the
adjusted delivered cost of wind, relative to the other factors considered her¢y, Bsal
baseload resource with a relatively consistent output profile, the adjustedeatebost of
geothermal does not change significantly with variations in market valudgradpidactors.

Table5. Base, high, and low cost assumptionsfor adjusted delivered cost sensitivity analysis

Low Cost

Base

High Cost

Bus -Bar Costs

Resource Capital Cost

Variable O&M

Capacity Factor

ITC Availability

Decrease base capital cost by 30%

Minimum variable O&M cost for
geothermal plants

90th percentile of capacity factor
from Table 2

Median capital cost from
Table 2

Median variable O&M cost for
geothermal

Median capacity factor from
Table 2

WREZ model starting point
assumption that ITC is available

Increase base capital cost by 30%
Maximum variable O&M cost for

geothermal plants

10th percentile of capacity factor
from Table 2

30% ITC is not available, 10% ITC is
available for solar and geothermal

Transmission Cost

Transmission Voltage

Distance

Utilization

500 kV Bi-pole HVDC transmission
line cost and losses

50 mile distance

60% utilization for wind and
solar,90th percentile capacity factor
from Table 2 for geothermal

WREZ model starting point
assumption of 500 kV single circuit
transmission line cost and losses

400 mile distance from renewable
resource to load zone

Median capacity factor from
Table 2

345 kV single circuit transmission
line costs and losses

900 mile distance

Capacity Value

Ratio of Capacity Credit
to Capacity Factor

Resource Adequacy
Cost

90th percentile from Table 4

Change assumption to $200/kW-yr

Median from Table 4

WREZ model starting point
assumption of $156/kW-yr levelized
cost

10th percentile from Table 4

Change assumption to $100/kW-yr

TOD Energy Value

TOD Energy Factor

Average Energy Price

90th percentile from Table 3

Maximum average marginal
production cost across load zones

Median from Table 3

Median average marginal production
cost across load zones

10th percentile from Table 3

Minimum average marginal
production cost across load zones

Integration Costs

$1/MWh for wind

WREZ model starting point
assumption of $5/MWh for wind

$10/MWh for wind
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Figure4. Sengtivity of adjusted delivered cost for geothermal, wind, and solar thermal with stor age technologies to changesin key drivers
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4. Reaults: Base Case and Alternative Scenarios

In this section we move from exploring each driver of the adjusted delivered cost indyidual
different renewable resource technologies to determining most econgraiteattive portfolios
of WREZ-identified resources to meet overall WECC-wide renewaldegg demands. In
particular, the WREZ mod&was used to determine what new WREZ resources might be
procured by load zones within the WECC region to meet different renewablyy ¢aueret levels
assuming that loads meet these targets at expected minimum cost, dnel tbaewable energy
demand must be entirely met with renewables resources located in WREHeddnibs. The
renewable energy target, in this case, is abstracted from exist@gestawables portfolio
standards (RPS). We do not account for the many nuances of existing RPS polasssstates
such as variations in resource eligibility (we assume that all WR&alrces are eligible for all
load zones), resource set-asides or carve-outs (we assume no such setadittas)l
preference multipliers or in-state/region requirements (we assumen@eferences, though
we do conduct sensitivities around the use of RECs). Instead, we posit severaMWeCC-
renewable energy demand levels, and allow the model to determine the best combinati
renewable resources and transmission investments to meet those targ&tE GG -avide basis.

In addition to reporting Base case model results, a key objective of this se¢tiaassess the
sensitivity of those results to various assumptions and input parameters. As sudulthefra
large number of alternative cases are presented, as illustratgiia i As suggested by the
figure, we begin by identifying the WREZ resources that the modeidietes that load zones
would procure if there was no competitifam resources with other load zones and each load
zone met a 33% RE target by the year 2029: the “individual best resources’rctss.chse,
load zones are assumed to procure the WREZ-identified resources thasaszomomically
attractive for delivery to their location, and any double counting of the sant&2\W#ource for
multiple load zones is ignored. This analysis helps identify specific WREAn=Es and
resource hubs that are attractive enough to potentially solicit more interadbid zones than
there is available resource.

Because load zones will compete for these attractive but scarce resallrother cases allocate
renewable supply to load zones in such a way as to minimize aggregate-Wé&€@newable
energy supply costs: the “competition” cases, with and without RECs. The nssahanwhich
resources are allocated to load zones is described later.

Focusing first on the “Competition without RECs” cases, all of these sosramsume that each
load zone meets its RE target with WREZ resources that are gdlyydelavered to the load zone
through new transmission investment. Among the many cases that fall withaatbégory, we
begin by exploring various RE target levels in which each load zone in the VéEaG8uUImMed to
achieve 12%, 25%, and 33% of its aggregate demand with new WREZ-identified renewabl

2 gpecifically, the WREZ Peer Analysis Tool, whidloass a user to determine the relative economimetiveness
of all renewable resources identified in WREZ hirosn the perspective of each of the load zones,used in this
analysis. The WREZ process also developed ther@éme and Transmission Model, which allows users t
compare a limited portfolio of user-selected rend@@aesources and allows one to more-readily censhe
lumpiness of transmission investment.
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resources. After conducting this assessment of three different RE tamjsf Wee select the 33%

“Competition without RECs” case as the Base case to which all other ssea@icompared.

{ Cases Considered

Individual best
resources

|

Competition
without RECs

with RECs

{ Competition

|

RE Transmission No Lower Solar Wind WECC- RECs
Target Federal Resource Sensitivity Sensitivity wide with
Levels ITC/PTC Adequacy RECs Limits
Costs
.
S EEEE—
E— Lower Unit EEE—— )
33% || Cost: 500 kV Technology Technology
™ RE HVDC ™ Choice Costs
- | N - ~—
—_— M) N
25% _ High Technology Higher
- RE = Utilization for - Costs Integration
Wind and Costs
— Solar — \ J
~—
) O
[ | 12% Only Shorter
RE Lines
— <

Note: Other than the cases that specifically eviuhifferent RE target levels, all other cases nae@tECC-wide

33% RE target.

Figure5. Schematic of alter native cases evaluated with the WREZ model

After selecting the 33% “Competition without RECs” case as the Basewaghen consider a
wide range of alternative scenarios that vary key parameters andpéissisi Continuing with

the “Competition without RECs” sequence, we first focus on four sensitivéi@®d to
transmission, resource adequacy costs, and federal policy:

e HVDC LongLines. What if the unit cost of transmission for wind and solar resources that

require lines longer than 400 miles are lower due to the use of 500 kV HVDC Binzse li
instead of the single-circuit 500 kV lines assumed in the Base’tase?

ZLHVDC lines were assumed to have only two AC/D@nieals; one terminal at the resource hub and otteeat
load. The starting points cost of each 3000 Mkhteal in the WREZ model is $250 million. We contad to
allocate these costs on a pro-rata share to refmewegources. We found that this is assumptionr@asonable in
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e High Utilization: What if wind and solar are able to increase the utilization of new
transmission to 60% through better use of existing transmission or better mngest
management techniques, thereby reducing the allocated cost of transriugbiese
resources relative to the Base case in which utilization is assumed tdhegcapbacity factor
of a resource?

e Short Lines: What if transmission expansion was limited to shorter lengths between load
zones and resource centers? In particular, we limit lines to 400 miles infilengliHoad
zones except for Seattle and San Francisco, which are both allowed to build up tée700 mi
lines due to insufficient WREZ resources within a 400 mile radius.

e NoFederal ITC or PTC: What if the Federal 30% ITC and production tax credit (PTC) are
not available by the time new transmission is built to WREZ resourcesassuisied in the
Base case, and instead only the 10% ITC is available to new solar and geotbsoonales?

e Low Resource Adequacy Cost: What if resource adequacy costs in the future are lower
than assumed in the Base case (specifically, $100/kW-yr instead of $156/k\\&-yo) raiew
technologies including demand response, or a reduction in the cost of gas turbines?

Our Base case scenario assumes that all solar deployment occurs watioledtsolar thermal
technology with six hours of thermal storage. Because a variety of diffsanttechnologies
are available and are vying for market share, we evaluate thredlaseplace the Base case
solar resource with an alternative solar technology:

e Solar Thermal, Dry Cooling with Storage: What if all solar deployment comes from dry-
cooled solar thermal technology with storage instead of using wet cd8ling?

e Solar Thermal, Wet Cooling without Storage: What if all solar deployment comes from
wet-cooled solar thermal technology, but with no thermal storage?

e Fixed PV: What if all solar deployment comes from fixed-plate PV systems rdthersolar
thermal plants?

For the Base case in which all solar is assumed to be solar thermal ptargix Wwours of
thermal storage and wet cooling, we also tested the importance of theaBasessumption of a
longer debt term for solar technologies than for any of the other WeRdified renewable
resources. Additionally, we examined the implications of solar technologyechsttions
relative to all other renewable technologies:

e Equal Solar Finance: What if the wet cooled solar thermal technology with six hours of
thermal storage had a debt term equal to the debt term of the other renewatdtpes of
15 years rather than the 25 year debt term assumed in the Base case?

e Low Cost Solar Thermal: What if the capital costs of the Base case solar thermal
technology are 70% of today’s cost, while none of the other renewable technologies
experience cost reductions?

e Low Cost Fixed PV: What if the capital costs of the fixed-plate PV resource are 70% of
today’s cost, while none of the other renewable technologies experienceduasians?

that 89% of the new renewable capacity procurech feach state or province for each individual loadezwould
be sufficient to reserve two-thirds or more of ttesmission capacity added in the HVDC Long Licase.

% This is a particularly relevant question due toa@ns about the availability of cooling water $ofar thermal
plants in the desert southwest (Woody, 2009)
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Still continuing the “Competition without RECs” scenario sequence, we thetheestnsitivity
of our Base case results to wind capital and integration cost assumptions:

e Low Cost Wind: What if the capital cost of wind is 70% of today’s cost, while none of the
other renewable technologies experience cost reductions?

e High Wind Integration Cost: What if wind integration costs are assumed to be double that
of the Base case ($10/MWh instead of $5/MWh)?

As noted earlier, all of the cases described above assume that WREZeg$awe to be
physically delivered over new transmission lines such that each load zondheessisie RE
target level. In the final two cases, however, we loosen this restriction agadirdiow
unbundled renewable energy credits (RECs) to be used to meet a WECC-widgeRBfta3%:

¢ WECC RECs: What if loads are allowed to procure renewable energy in excess of the 33%
target and sell RECs to loads that procure less renewables while stitigree®/ECC-wide
33% RE target in aggregate?

e WECC RECs, with Limits: Given the expectation that meeting more than 33% of the
annual demand for any load zone with a single renewable energy techndldagydifficult
given concerns about integration at high penetration, what is the impact of REQsnftwe
load zones to meeting a maximum of 33% of annual load with any one RE technology and
meeting at most 50% of annual load with any combination of renewable technologies?

4.1 Individual Best Resources Case, and Allocation of Resourcesto L oad Zones

We begin by using the WREZ model to rank renewable resources by their économ
attractiveness to all load zones in the WECC region, ignoring the possibitiompetition for
scarce resources (the “Individual Best Resources” case). As shownéngTabla 33% RE
demand level, there are multiple load zones that find a number of the same hightouial
limited-quantity) WREZ resources to be attractive. For instance, exaayzbne but one in the
WREZ model finds the hydropower resources characterized in Washingteft St
economically attractive. Similarly, geothermal resources in souttediio@ia, northern
Nevada, and Oregon are found to be potentially attractive to several load zones @astthe W
Coast for meeting RE targets. Among the wind resources characteritbedWREZ process,
large quantities in Montana and Wyoming are found to be desirable to multiple load zones:
Montana resources to the Billings, Seattle, Vancouver, and Calgary load zones,amohyVy
wind resources to the Casper and Boise load zones. Interestingly, none cdithessairces
characterized in the WREZ process are over procured in this IndividuaRBssurces case; this
result is in part due to the significant potential of multiple solar resource habSmethwestern
load centers (i.e., scarcity of solar is not a problem when the other higty-gesdurces are
double-counted by multiple load zones), and in part to the fact that solar is not found to be
competitive with other resources when transmitted over long distances.

Z gpecifically, the resource was WA_SO_H_1 in theB¥Rlatabase. This resource represents incremental
additions of capacity to existing powered damsthédigh this resource is economically attractivémf the 20
load zones, not all of the load zones currentlgvalthis type of resource to qualify for their stat@PS.
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Table6. WREZ resourcesthat areover procured in a 33% RE demand case, when competition for
limited quantity resourcesis not accounted for in the Individual Best case

Individual Best Case

Resource Nameplate Capacity Nameplate Capacity Over procurement Number of Load

WREZ Resource Type of Available of Resource (% of Available Zones that
Resource (MW) Procured (MW) Resource) Procure Resource
BC_ WC _G_3 Geothermal 180 360 100% 2
BC_WC_H_5 Hydro 907 1,079 19% 2
CA_SO_G_3 Geothermal 232 696 200% 3
CA SO G 4 Geothermal 1,170 4,899 319% 6
CA_ WE_B 4 Biomass 74 148 100% 2
CA WE_W_2 Wind 198 395 100% 2
MT_CT_W_2 Wind 509 2,034 300% 4
MT_CT_W_3 Wind 2,021 5,267 161% 4
NV_EA B 4 Biomass 133 266 100% 2
NV_NO_G_3a Geothermal 109 654 500% 6
NV_NO_G_3b Geothermal 268 2,304 760% 9
NV_NO_G_4 Geothermal 200 364 82% 2
NV_NO_G 4a Geothermal 148 444 200% 3
NV_WE_G_3 Geothermal 132 792 500% 6
OR_NE_B 4 Biomass 388 776 100% 2
OR_SO_G_3a Geothermal 384 2,043 432% 6
OR_SO_G 4 Geothermal 64 192 200% 3
OR_WE_B 4 Biomass 102 204 100% 2
OR_WE_G_3 Geothermal 315 3,308 950% 11
OR_WE_W_3 Wind 301 904 200%
UT_WE_B 4 Biomass 87 348 300%
UT_WE_G_3 Geothermal 90 450 400% 5
WA_SO B 4 Biomass 75 150 100%
WA_SO_H_1 Hydro 544 9,930 1725% 19
WY_EC_W_2 Wind 1,502 2,590 72% 2

Given these results, it is clear that if each load zone were to act imispthere would be
numerous instances in which multiple zones would hope to procure the same high-quality but
scarce renewable resource. Because the total developable quantity aeftthetge resources is
limited, for the remaining cases presented in this report, we need to allmsgedsources to

load zones in an equitable and plausible fashion. To do so, we assume that all load zones
simultaneously act to procure renewable resources to meet their RE, tdvajeddl load zones

and resource developers act in a competitive manner (i.e., no load zones have monopsony power
and no resource developers have monopoly power), and that all load zones and renewable
resource developers have perfect information about resource costs and reeewedy

demand. Under these stringent conditions, the competitive process will ensargythat
individual renewable resource will be allocated to the load zone that has the amashiec
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benefit from its usé? Moreover, basic micro-economics shows that this competitive solution to
resource allocation is also the allocation that will minimize costemegide. As a result, we
model this allocation procedure by simply solving for the resource allochBbminimizes

costs on a WECC-wide bagfssubject to the achievement of load-zone RE targets and given
limited renewable resource quantitfésA more detailed description of this competitive resource
allocation mechanism and an example of its application to the Washington hydrapsource

is available in Appendix B. The remainder of the results presented in this papgrorlthis
allocation system.

4.2 Impact of the Level of Renewable Energy Demand

Using the competitive resource allocation mechanism, and assuming “Caonpgtibhout
RECSs,” we first investigate the resource selection, transmission eapaasd cost implications
of three different RE target levels throughout WECC for the year 2029. The Rixeatget,
12%, is roughly equal to the aggregate quantity of new renewable energyddquireet RE
demand from existing RPS policies in the west by 202@lith increased pressure on
decarbonizing the electricity sector, however, RE targets may gsadbeurrent legislative
mandates. We evaluate the implications of such an increase in renewable emangyy by
imposing both a 25% and 33% RE target on all load zones in the WECC region. In each
instance, we assume that new resources must be physically deliveretizoriea via new
transmission investment and do not allow the use of renewable energy. @edi case
assumptions are employed in all three of these cases. The impact of in&Easegets on the
composition of renewable resource procurement, transmission expansion, and regaalyce s
costs are summarized in Table 7. Note that the amount of renewables shown resthléeseas
well as in all of the results that follow, is the incremental renewable auslgioove the existing
level of renewable energy supply already available in the WECC.

As shown in the table, increasing the level of the RE target changes thve adanposition of

the renewable energy that is procured. Although wind contributes the largedbsinare
renewable portfolio for all three RE targets levels under the presemicBas assumption, the
combined geothermal, biomass, and hydropower resources contribute almost as wminchira
the 12% RE case. These combined resources, however, do not dramatically asthase
renewable demand increases from the 12% RE case to the 33% RE case. hiléact, w
renewable demand increases by 270% from the 12% RE case to the 33% RE casdjitieel com
contribution of geothermal, biomass, and hydropower increases by only 78%. The limite
increase in these resources is partially explained by the observatidb%atf the available

% Since these resources are limited but attractivaultiple load zones, loads may try to act quidkipecure these
resources before renewable demand increases. eGoeapetition for the limited resources will, hoxge,
eventually make the resource too expensive fdrudlthe load zone that is willing to pay the massécure the
resource to meet its renewable demand.

% |n particular, we find the solution that minimizthe energy-weighted average adjusted deliversoM#&CC-
wide.

% We developed an Excel-based extension to the WiR&del that finds the competitive allocation of reméle
resources to load zones using a premium versitimeoExcel Solver tool.

272029 load forecasts are derived by applying Enéfrmation Administration (EIA) AEO2009 projectesinual
growth rates (at the level of electricity marketdute [EMM] regions) to actual 2007 state retaiksaffrom EIA).
Allocation of load forecasts and existing renewaliteWREZ load zones are from personal communicatith
Galen Barbose of Lawrence Berkeley National LalmyatSeptember 4, 2009.
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geothermal, biomass, and hydropower resources in the WREZ hubs are prgauteddzone
even at the modest 12% RE level. At the 33% RE level, 81% of the total availdiedwer,
biomass, and geothermal resources are procured by load zones. The geothermakresour
identified in WREZ hubs in particular are fully allocated at the 25% RE leveleanaim fully
utilized at the 33% RE level. These resources are therefore largely rwtstrg the total
resource quantity assumed to exist in the renewable energy hubs chadctering the WREZ
process, not by economic consideration. In comparison, only 16% of the available wurdees
and virtually none of the solar resource are procured by load zones at theEll2¥%eRunder
Base case assumptions; these figures grow to only 54% and 31% of the avaidldadwsolar
resource, respectively, at the 33% RE target level. Though overallakleengsource
composition estimates are heavily driven by input assumptions, the results prbseattell a
story of increased competition between wind and solar as RE demands increasenamst th
attractive wind resources are depleted, while other renewable technolegié® more
constrained by resource availability than by economic factors alone.

Because the most economically attractive renewable resourceseatedsby load zones at the
12% RE level, the resources that are procured as the RE level increames belatively less
economically attractive, thereby increasing overall supply édsthe average adjusted
delivered cost represents the energy-weighted adjusted delivered cestuntes procured to
meet RE demands on a WECC-wide basis. The marginal adjusted delivered coststbart
hand, indicates the energy-weighted average cost of the resources that woulditzsl prext by
load zones if demand for RE were increased a small amount. (These margstdaresbre
also indicate the minimum adjusted delivered cost that non-WREZ resources would have
achieve to economically substitute for the WREZ resources included inesenpanalysis).
Wind energy is found to be the largest resource that is added when the REdeasgas from
12% to 25%. Further increasing the RE level from 25% to 33%, however, begins to deplete t
most economically attractive wind resource areas, and a nearly equaraleumt of solar begins
to be procured. Average adjusted delivered costs increase by $14/MWh and Incasima
increase by $21/MWh when the RE level increases from 12% to 25%. Furthesraingy the
RE level from 25% to 33% increases average costs by an additional $6/MWh anubhtosfis
by an additional $7/MWh.

8 This cost increase as the RE demand increasepédent on our treatment of transmission costsedlity, RE
costs could be greater at lower RE targets ifehepiness of transmission were to be explicitly acted for in the
model. A high-quality resource region that is oatiractive if the amount of resource developddrnge enough to
justify a 500 kV transmission line may not be stiffintly attractive at a low RE level, due to theafler quantity of
renewable resource being procured. This distindtietween the “supply-curve” effect and the “ecoremof
scale” effect is discussed by Mills et al. (2009).
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Table7. WECC-wideimpact of increasing RE levels on resour ce composition, costs, and
transmission expansion

Impact 12% Renewables 25% Renewables  33% Renewables

(TWhiyr)  (GW) (TWhiyr) (GW) (TWhir)  (GW)

Geothermal 22.7 3.0 28.6 3.9 28.6 3.9
Biomass 7.9 11 17.2 2.3 20.7 2.8
Resource 4 iro 65 15 120 27 167 37
Composition
Wind 42.2 13.2 108.5 36.1 144.3 48.2
Solar 0.0 0.0 47.1 13.7 85.5 25.0
Average Adjusted
Delivered Cost 23.6 37.2 43.2
Costs ($/MWh)
Marginal Adjusted
Delivered Cost 33.9 54.7 61.5
($/MWh)
New Capacity
(GW-mi) 4,123 11,958 18,510
Transmission
Transmission nvestment 5.9 17.0 26.3
($ Billion)

Expansion
Transmission and
Losses Cost as
Percentage of
Delivered Cost

16% 14% 15%

This increase in costs is, in part, due to the transmission investment neededl ittcreasingly
stringent renewable energy targets. At the 12% RE target, the transnmsgisiment is about

$6 billion. As incremental RE demand increases by 170% from the 12% RE level to tiRE25%
level, new transmission capacity and the required transmission investmeaséioyel90%.

The total transmission investment for the 25% RE target is $17 billion. SimilafRE alemand
increases by 39% from the 25% RE case to the 33% RE case, nhew transmissity capa
increases by 55%. The total transmission investment in the 33% RE caseeBtwek26

billion. At all RE levels the cost of transmission and losses are only a smahpg@around

15%) of the total delivered cost.

Interestingly, though more energy is procured over long transmission lines38AhRE target
level, there are some long distance lines that are found to be economicadiyvat even at the
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lower 12% and 25% RE levels. Figure 6 shows, on the horizontal axis, the cumulative amount of
renewable energy that is procured for different renewable eneggtdarver transmission lines

that are shorter than the maximum transmission length on the verticalAaxidustrated by this

figure, rather than only adding resources that are farther awayeagatae targets increase,

some closer renewable resources, such as solar in the Southwest, becomemoanealty
competitive as renewable target levels increase.

1200 ————————————— oo
— = -12% Renewables

— — 25% Renewables
1000 + e -
33% RE - Base Case

800 -

600 -

400 -

200 -

Maximum Transmission Distance (mi)

0 50 100 150 200 250 300
Renewable Energy Obtained within Maximum Transmission Distance
(TWhlyr)
Note: Each step increases the maximum transmisi&ance by 50 miles.

Figure6. Quantity of RE procured within a maximum transmission distance from each load zone
at the 12%, 25%, and 33% RE levels

4.3 BaseCasee WECC-wide 33% RE with Energy Déelivered to Each Load Zone

As a base case for comparison with several alternative scenarios, weheh88% RE case, in
which 33% of the annual load in each load zone is provided by renewable energy delivered to
that load zone. Here we explore the Base case results in more detaievafaeting alternative
scenarios. The full results for the base case are available in Appendix D.

4.3.1 Base Case Resource Composition

In the Base case, a significant portion (49%) of the incremental renewalnig @dded to meet

a WECC-wide 33% RE target is found to be wind energy, leading to a WECGaivide
penetration of 16% on an energy b&8iaVind penetration levels in a number of the individual
load zones, however, particularly in the Pacific Northwest and Rocky Mountaam regiproach

the full 33% level, on an energy basis (Figure 7). Nine of the 20 load zones are found to selec

% The incremental wind added to reach a 33% RE téegds to a 14% penetration of wind. Adding tkéneated
existing wind generation in WECC of about 20 TWhhareases the overall penetration to 16% WECC wide
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100% wind energy to meet their 33% RE target, when constrained to purchase only fratn WRE
identified renewable energy resource hubs.

The second largest renewable resource type in the Base case iassalargd in this case to be
wet-cooled solar thermal technology with six hours of thermal storagedhwiakes up 29% of
incremental renewable energy demand, leading to a WECC-wide energrapendevel of 8%.
Solar energy is found to constitute 100%, 66%, and 56% of Arizona’s, Nevada’s, and
California’s incremental RE demands, respectively. No other states, hpaevéound to rely

on solar energy to meet the 33% RE target under the Base case assumptions. ifiimgrema
technologies provide the remaining 22% of the energy required to meet incigRtEediEmand.
Geothermal, biomass, and hydropower provide 10%, 7%, and 6% of the total incremental RE
demand, respectively. Geothermal energy is procured by load zones in Neakigania, Utah,
Washington, and British Columbia. Biomass is procured by loads in Utah, California,
Washington, and British Columbia. Hydropower is only procured by loads in Washington and
British Columbia. As mentioned earlier, these technologies are largéigdibyy the assumed
level of resource availability in the WREZ-identified RE hubs, anddgssconomic factors.
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Figure 7. Resource selection and new transmission expansion for each load zonein achieving a
33% RE target by 2029 (Base case)

4.3.2 Base Case Transmission Expansion

The new transmission capacity estimated by the model to be required to deirwable
resources from the modeled resource areas to the load zones is 18,510 GW-m8jEfgiitee

% The transmission capacity in GW-mi is calculatedte product of the transfer capacity of the tngission and
the transmission distance between the resourcamdlthe load zone that procures the renewable neso08600
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total capital investment required for this transmission is estimatggbabximately $26 billion.
Though there are a number of resources located far from the load zone that phecures t
resource, only a relatively small portion of the incremental renewablgyeagded in this case
is delivered over new transmission lines longer than 400 miles, which we defioegabnes.”
Specifically, in this case, 57% of the renewable energy procured is within 28%) 88Ps is
within 400 miles, and 91% is within 600 miles of the purchasing load zone (Figthrerag
energy-weighted average transmission distance is 245 miles. The factibgdrity of the
renewable energy is procured over relatively short transmission linasngportant finding
given the number of transmission proposals in the West intended to connect very distaxere
regions to load zones (Mills et al., 2009). Though long-distance transmissiornrdiriearad to
be economically attractive in some cases, these long lines will need¢odmepanied by
significant investment in a large number of lines on shorter transmission fpadks i
minimization is a key objective. Moreover, it deserves reiteration that ousanfmguses
exclusively on WREZ-identified resource hubs; were non-WREZ resourcesliemtsi
transmission expansion needs would be expected to decline. Of course, th@resetited here
are based on a simplified screening tool and should not be used to justify or deng specifi
transmission investments. The results do, however, highlight the important cormidetsdt
need to be evaluated when identifying specific transmission investmeagigtsit The
sensitivity of the economic attractiveness of different renewabtairees and the associated
transmission expansion can be visualized by comparing the Base case siansmagp in
Figure 8 to similar maps from other scenarios presented in Appendix C.

Transmission expansion in the Base case is found to be driven largely by fivaoices:
Calgary, Los Angeles, San Francisco, Seattle, and Vancouver (Figureege five load zones
are responsible for 66% of the estimated transmission expansion in G\Wasi tiele in part to
the large demand for RE and in part to the relative lack of sufficient econlynaittedctive
nearby resources in the modeled renewable resourcéhfiattle procures some Washington
and Oregon renewable resources, Nevada and Idaho geothermal, and wind from Blwhtana
Wyoming. San Francisco procures the bulk of its renewable energy from southfermi@a
solar and geothermal resources and a lesser amount of geothermal fram. Oféwp other three
load zones procure significant amounts of renewable energy from closer ess@iatgary

MW of wind that is procured from a resource huli ie200 miles from a load zone, for example, véljuire 100
GW-mi of new transmission capacity. We do not datee the total circuit miles of new transmissiarthis study
because that requires developing rational transomiggans that account for the lumpy nature of$raission,
which contrasts with our pro-rata transmission edisication assumption.

3L Or put another way: 57% is within 200 miles, 28%etween 200 miles and 400 miles, 8% is betw®&nriles
and 600 miles, and 9% is further than 600 miles.

2 The significant reliance on shorter transmissiathg may be due to our assumption that all loaels ar
simultaneously procuring renewable resources td m88% RE target in a competitive manner. Initgahere is
not a uniform WECC-wide RE target and there ag-finover advantages that may lead load zones tplilo@s to
procure the most attractive resources before ddlaerzones begin to procure RE resources.

* The average (energy-weighted) transmission distémcresources procured by San Francisco andlSeaatt 484
miles and 668 miles, respectively. The averageuie between the resources and loads for Saniscarand
Seattle is much longer than those for Vancouvelg@®g, and Los Angeles—279 miles, 219 miles, and ies,
respectively. The large transmission capacity VM-@i in the latter cases is driven more by the amh@d resource
procured over new transmission lines (the GW pojtiather than the distance between the resout¢haroad
zone (the mi portion).
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procures significant amounts of Alberta and Montana wind, Vancouver primarily esaayniro
from British Columbia, and Los Angeles procures wind and solar from southern @alifor

The technology that is found to require the most new transmission is wind enigig (F0).

Wind is responsible for 63% of the transmission expansion on a GW-mi basis, while it provides
49% of the renewable energy. Solar energy, on the other hand, is found to require snuch les
transmission due to the fact that solar is only used by load zones in the Southvaest|theted
near high-quality solar resources: solar is responsible for 16% of thmisaim expansion

while it provides 29% of the total incremental energy. The other renewabletegies require
transmission capacity roughly in proportion to the amount of energy that they provide
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Figure9. Quantity of RE procured within a maximum transmission distance from each load zone
in the Base case, the HVDC Long Lines case, and the REC with Limits case

4.3.3 Base Case Costs

Though the total investment in transmission estimated to be required to meet awiieCI3%
RE target with WREZ-identified resources may be substantial, traneméd line loss costs
only represent a small portion (15%) of the total average delivered cost obt#e@mergy
supply. The bus-bar costs of renewable energy constitute the dominant portiohd#lioteed
costs (85%). For comparison, integration costs add just 2%. For some specifica®soulr
load zones, however, transmission costs can constitute a larger fraction of tstamd€an
drive overall costs to relatively high levels. In the most extreme casegdltéeJoad zone is
found to procure a portion of its RE target from wind energy in Wyoming over a tssiemi
line that is over 1000 miles long. The allocated cost of transmission in this ;ng&85/MWh
for a wind resource that has a bus-bar cost of just $72/MWh; as a result, traorsanigsline
losses make up 55% of the costs to Seattle of procuring wind energy from Wy8nginghe

% Analysis by Denholm and Sioshansi (2009) suggbsiscosts can be reduced in a case similar twitiislarge
distances between load and wind by downsizing tnisson to 60% of the nameplate capacity of thedvglant
and adding compressed air energy storage (CAE®)andgieneration capacity equivalent to about 5%ef t
nameplate capacity of the wind farm. While thiaisoption that is worth exploring further, we du do so
directly in this report. Our high utilization caseported later, however, may indirectly illusteréihe potential
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next section we examine the potential reduction in costs and increase in tsasexpansion
if lines longer than 400 miles to wind and solar resources, such as this Wyomewsjtte e,
are replaced with 500 kV HVDC lines).

More generally, the cost of procuring renewable energy for the 33% RE imfgund to be
largely offset by the capacity value and TOD energy value of the proemedable resources.
Figure 10 presents the average cost and value components of the adjustediaelstdor each
technology based on the resources found to be procured to meet the 33% RE target. For
comparison, the cost and value components of a baseload CCGT are presentedfas well.
shown, the (unadjusted) delivered cost of solar is the highest of all of thealdaew
technologies, on average, but the high degree of correlation between solatiqgeaarchload in
regions that select solar also leads to the highest TOD energy antyceplae; the result is a
favorable adjusted delivered cost. Even wind energy receives considerabEn&€@y and
capacity value per unit of wind energy produced, though these values in aggre§aw & h
lower than the average value of solar energy. The comparatively lower besstsaof wind,
however, put that resource in good economic standing relative to solar despiteehes ciffin
energy and capacity value.

change in resource procurement and transmissicemsiqm if such a strategy were used to increassrrassion
utilization.
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Figure 10. Average cost and value components of the adjusted delivered cost for the various RE
technologies and required transmission expansion in the Base case.

4.4 Alternative 33% RE Scenarioswith Energy Delivered to Each Load Zone

To examine the robustness of the resource mix, transmission expansion requjrantectsts
for the WECC-wide 33% RE Base case, we individually change a number ioipkey
assumptions. Here we focus on the “Competition without RECs” 33% RE scenariasasvimer
Section 4.5 we summarize the two REC cases (these latter results@tednal the figures
included in this section, but textual summaries of the key findings are preseftection 4.5).

4.4.1 Impact of Alternative Scenarios on Resource Composition

As shown in Figure 11, the different 33% RE scenarios cause shifts in resource domposit
primarily between solar and wind. The aggregate amount of geothermal, hydrppad
biomass constitutes a relatively small proportion of the total mik, evity slight changes in this
proportion relative to the Base case. Geothermal in particular is fuilyedtin all 33% RE
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scenarios that do not allow tradable RECs. This result is likely due to theagwed nature of
these resources within the WREZ resources hubs considered in the model and coutddms diff
if resource regions that are insufficient to justify a new 500 kV transmisisie (i.e., non-

WREZ resources) were included in our analysis. Wind and solar energy are found taecompet
primarily in the southwestern United States, and subtle changes in assumpti@asidan |
relatively significant shifts in procurement between these two resources.
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Figure11. Resource composition in 33% renewable energy scenarios

Sensitivity Cases

The share of wind energy in the overall resource portfolio is sensitivensmtission cost
assumptions. As noted earlier, even in the Base case, wind power is the mostmeiignt
transmission investment of the renewable sources considered in thissanHlistherefore
understandable that wind energy increases in the HVDC Long LinesrchigeaHigh
Utilization case by 23% and 21%, respectively, because more-remote soutoes become
less costly overall to procure in these two scenarios. The HVDC Long Lisesssumes that
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transmission costs (per GW-mi) are, on average, 58% less expensive for wind and solar
resources that are over 400 miles from the load centers that they serve, aatgh@ssion
incurs 17% less losses than the 500 kV single-circuit transmission lines used asé¢heaBe.
Because the RE target remains fixed at 33%, an increase in the procuremendtaimes as
the expense of other resources—primarily solar and a small amount of hydrapoweeH\VDC
Long Lines and High Utilization cases. Interestingly, the Short Lise bas an insignificant
impact on overall resource composition relative to the Base case. This indieatesources
procured in the Base case that are farther than the maximum line lengtisiestin the Short
Line case are largely replaced with resources of the same type, butelloss zones.

The procurement of solar energy is found to decline in the Low Resource Adequacgdgost ¢
and the No Federal ITC or PTC case because solar becomes less econattriaetive relative
to wind in those scenarios. In the Low Resource Adequacy Cost case, thelydhagher

market value of solar compared to wind narrows somewhat as capacity béessneduable to
the power system. More specifically, the energy-weighted averageityagdue of solar
declines from $40/MWh in the Base case to $26/MWh in the Low Resource Adequacy Cost
case—a drop of $14/MWh. Wind energy, which has a lower average capacity valuBas¢he
case of $17/MWh, is much less affected in the Low Resource Adequacy Cosheaserage
capacity value of wind energy drops to $10/MWh—a reduction of $7/MWh. Similar ragsoni
explains the decrease in solar that occurs with the removal of the 30 ti&No Federal ITC
or PTC case. Replacing the 30% investment tax credit with a 10% credisestha energy-
weighted bus-bar cost of the Base case solar technology by nearly $60/MWtonipiete loss
of the ITC for wind, on the other hand, only increases the bus-bar cost of wind energy by
$40/MWh. As a result, the loss of the ITC dramatically reduces procuremssiaoenergy.

Since the primary changes in portfolio composition are due to shifts between wiraand s
resources, changes in the resource portfolios of individual load zones occur primg@gions
where some solar enters the portfolio in the Base case. In fact, sensitbés/that reduce the
amount of solar on a WECC-wide basis can cause dramatic flips in tecesboices of
individual load zones. For instance, in the Base case, Tucson and Las Vegas ae rfoegtd t
their 33% RE targets primarily with solar from Arizona. In the No Fed&lor PTC case,
however, wind resources in the Southwest replace these Arizona solar resduredéHVDC
Long Lines and High Utilization cases can similarly cause large flipssource composition for
individual load zones. That said, nine out of 20 load zones see only negligible shifts in resource
composition as a result of these sensitivity cases: eight of these load zanheslnays procure
wind®® and one load zone, San Diego, always procures solar.

Solar Technology and Cost Cases

Using the starting point cost and performance assumptions in the WREZ model, toe et
solar thermal technology with thermal storage is found to be the most ecatlipiaitactive
solar option on a WECC-wide basis; this result justified using this as theesdarce in the
Base case analysis. In the alternative solar technology scenasested in Figure 11 we find
that solar procurement declines in favor of increased wind penetration, and tlesbilnee

% Wind is by far the largest resource procured acatisof the sensitivity cases for nine load zomdbuquerque,
Billings, Boise, Calgary, Casper, Denver, El Pasa Spokane
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composition of Southwestern load zones is affected by the choice of solar teghnitheg
procurement of solar by Tucson and Las Vegas, for example, is particelasitive to the
assumption that wet cooling is available for solar thermal with storagyemasgy that only dry
cooling is available causes Tucson to shift to New Mexico wind and Las Veda# to wind
from southwestern Utah.

The relatively large amount of solar in the Base case is also found to bedaghive to the
assumption that the debt life of solar is 25 years, while all other renetgabtelogies have a
debt life of 15 years. The amount of solar procured to meet the 33% RE target is found to
decrease by 50% in the Equivalent Solar Finance case, relative to the Bafearasag
assumptions should therefore be carefully considered in more detailed an@lysigersely, a
decrease in the cost of solar technologies is, not surprisingly, found to subgtiactiease the
share of solar while decreasing the share of wind. With a 30% reductioncwsthef wet-
cooled solar thermal with storage and the ITC, solar becomes the largebiutonto meeting
incremental WECC-wide RE demands; in all other cases, wind energylasglst contributor.
Eleven of the 20 load zones procure solar to meet at least some portion of their 3@%eRiA
the solar cost reduction cases, compared to seven load zones in the Base adddithal load
zones procuring solar include Albuquerque, El Paso, Reno, and Salt lake City). On the other
hand, there are nine load zones that, under all of the cases tested, afeumelter procure solar
to meet their RE targét.

Wind Cases

Increasing wind integration costs (to $10/MWh) relative to the Base cas&\$f/is found to
have only a modest effect on resource composition (wind procurement declines39g)ju€df
all load zones, Vancouver and Seattle reduce their procurement of wind the mostnig theti
some non-wind resources are slightly more expensive for these load zones in theesBédme
become more economically attractive when wind integration costs incre&8éMiwWh. There
are a number of load zones that do not change the amount of wind that they procure, even with
the doubling of wind integration costs. This is because the other components of trezladjust
delivered cost, such as bus-bar cost and the energy and capacity vaitue, ohake wind
attractive relative to other resources, irrespective of a $5/MWh indreagegration costs.

This result suggests that these load zones should focus less on quantifgiogisbe

integrating wind and more drowto integrate increasing quantities of wind energy.

Meanwhile, decreasing the capital cost of wind relative to all other techesliogreases the

procurement of wind by 34%, while decreasing the procurement of solar comnbénsénaen
in this case, however, Phoenix, Los Angeles, and Las Vegas each still procutiBamfetheir

renewable resources from solar energy; wind makes up the rest of these |cagadfodios in
the Low Cost Wind case. San Diego still procures entirely solar in the LowNGodtcase.

% The specific load zones that are found to notymsolar in any of the solar cost reduction casesn the
northern portion of the WECC region: Billings, BejsCalgary, Casper, Denver, Portland, Seattle, @pmkand
Vancouver.
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4.4.2 Impact of Alternative Scenarios on Transmission Expansion

Sensitivity Cases

As shown in Figure 12, two sensitivity cases related to transmission assusmetsult in
significant increases in total transmission expansion relative to tleecBas: the HVDC Long
Lines case and the High Utilization case. The remaining sensitaggsaesult in relatively
little change in transmission expansion relative to the Base case. Thaseréransmission in
the HVDC Long Lines and the High Utilization cases is primarily dubde@hhanced economic
attractiveness of remotely-located wind resources, which are monedggp@®n new
transmission than are the other resources considered in this analysis. @Ggrkarimission
lines that access remotely-located wind and solar resources to 500 kV HVB@treases the
economically optimal amount of total transmission capacity by nearly M#ereas only 17%
of the renewable energy was procured over long lines (over 400 miles) in theaBas&3% of
the renewable energy is procured over long lines in the HVDC Long Lases dhis increased
transmission expansion is largely due to the Tucson load zone switching froona\&olar to
New Mexico wind, and increased procurement of Wyoming and Montana wind bicPacif
Northwest load zones. The increased competition for Wyoming wind in the HVDClLliioes)
case also leads Denver to increase its procurement of Colorado wind and bioméiss. Si
changes in procurement and transmission expansion exist in the Hightldtlizase. The Short
Line case, on the other hand, leads to only a slight reduction in the enegiijedeverage
transmission distance from the Base case of 245 miles to the Sttdse of 230 miles (a
reduction of 6%), and a similarly modest reduction in overall transmission expansas ne
This somewhat surprising result largely reflects the fact thateiBase case, only a small
amount of energy is procured over lines that exceed 400 miles (or 700 miles fier Sehan
Francisco); the Short Line case therefore does not impose signifieacbnstraints.

Solar Technology and Cost Cases

The three solar technology cases each leads to a reduction of solar andaseincwind

relative to the Base case. As a result, these cases requireansrission to be built than in

the Base case. The counter-intuitive increase in transmission expansierh.awt Cost Fixed-
plate PV case appears to be due to load zones outside of the Southwest procuring ad increas
amount of distant resources that were otherwise procured by Southwest load zonBage the
case. The important conclusion from these cases is that assumptions aboetisoddogies

and future cost reductions will affect the quantity and location of new tragismigvestment.
These factors, therefore, warrant consideration in transmission planning.effort

Wind Cases

A decline in wind costs relative to all other renewable technologies leablapperot
surprisingly, to the third largest increase in transmission expansionheftei/DC Long Lines
and High Utilization cases. This increased transmission expansion is foangely |
accommodate Tucson’s procurement of New Mexico wind and Las Vegas’s proctuicgme
wind resources in southwestern Utah. A doubling of wind integration costs, on the oitheisha
found to have a negligible impact on transmission needs, relative to the Base case.
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Figure12. Cost and transmission expansion in 33% renewable ener gy scenarios

4.4.3 Impact of Alternative Scenarios on Cost

Sensitivity Cases

Though the HVDC Long Lines and High Utilization cases increase estirtratesmission needs
relative to the Base case, both of these cases also modestly rexlagerige and marginal cost
of renewable energy supply, relative to the Base case (Figure 12).intlmg) fsuggests that an
expansion of low-cost transmission in the western U.S. may reduce the cost of meeting
aggressive renewable energy targets. It deserves note, however, thiavohesst reduction
cases might be considered best case scenarios. In the HVYDC Longdsagfocinstance,
transmission costs are allocated based on each renewable resourcata putscription to the
transmission line. More detailed analysis is required to develop a rationatissios plan that
would fully subscribe the 3000 MW transfer capacity of these HVDC lines and adocoanty
upgrades to the underlying AC system to accommodate the large power injectiotisefrom
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resulting AC/DC terminals. In the High Utilization case we assumedttbattilization of

transmission lines with wind and solar could be increased to 60%, thereby redudcaosgttbke
transmission for these resources, but more detailed analysis is requirestturtethe ability

and costs associated with increasing transmission line utilization ifashieon. If wind

curtailment is required to increase transmission line utilization, for gbeatten the opportunity

cost of curtailing wind rather than displacing fuel used by a conventional gen&oald need

to be accounted for. Denholm and Sioshansi (2009) outline a methodology that could be used to
evaluate the tradeoffs between increased transmission utilization andedonead curtailment.

The elimination of 30% ITC, not surprisingly, dramatically increasesdbeaf RE in the
WECC region: the average increase in costs is approximately $32/MWhudgesolar is more
capital intensive than wind, solar benefits more from the 30% ITC. This largertifensblar,
and the fact that solar it is often found to be the marginal resource fadoad seeking to meet
a 33% RE target, means that the impact of an elimination of the ITC on magteahce more
significant—approximately $38/MWh in the No Federal ITC or PTC case. ThéSherand
Low Adequacy Cost cases modestly increase costs relative to thedBase

Solar Technology and Cost Cases

The three solar technologies cases are all found to increase the expeotéaneezding the
WECC-wide 33% RE target. The wet-cooled solar thermal technologguwtithermal storage
and the fixed-plate PV technologies are both assumed to have lower cagigahan the wet-
cooled solar thermal with thermal storage used in the Base case. This intiaates WECC-
wide increase in costs shown in Figure 12 associated with thesescdsedo the lower
capacity factors and lower TOD energy and capacity value of these tegiesol The dry-
cooled solar thermal plant with thermal storage has a higher capital costchpaeity factor,
and lower TOD energy and capacity value than the solar technology assumeBasdlease,
ensuring that dry cooled solar thermal is less economically attrastimentet-cooled systems,
all else being equal.

A cost reduction of solar thermal plants relative to all other renewalblediegies of 30%, well
within the range of projected cost reduction potential, is sufficient to consideealige the
adjusted delivered cost of meeting a WECC-wide 33% target. A similarechsttion for fixed-
plate PV also significantly decreases the estimated costaifmgehe 33% target, but to a lesser
degree due to the relatively higher adjusted delivered cost of fixed PV rétatixet-cooled

solar thermal technology with thermal storage.

Wind Cases

The High Wind Integration case increases the cost of wind integration by $5/kM¥\fesults in
an energy-weighted average increase in costs of renewable energylaeEsaC region of
about $2.4/MWh. This result is intuitively plausible, because wind makes up about thalf of
estimated renewable energy supply in both the Base case and High Windibriegas¢. Given
the minor impact on overall resource portfolio composition and costs, wind integratisfncost
the range of $5/MWh to $10/MWh appear to have secondary importance in determising lea
cost portfolios to meet aggressive renewable energy targets.
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The bus-bar cost of wind energy, in contrast, is a very important considerationrmiietg the
overall resource portfolio composition, the transmission expansion needs t@ssadia that
portfolio, and the overall supply cost of renewable energy. As shown in Figure 12, theokbw C
Wind case leads to an overall reduction in average costs of over $12/MWh.

45 Alternative 33% RE Scenarioswith Renewable Energy Credits

The previous cases all assumed that each load zone in the WECC region isbksfaynsi
procuring renewable energy that is delivered to the load zone to meet itgBRE HEnis
assumption is conservative. One drawback to this approach is that the costs of meeting
renewable energy targets are heterogeneous—regions near low-cogudighrenewable
resources are able to meet their RE targets at much lower cost than lecated at a distance
from the same resources. Further, if one of the main goals of aggressive REisaimesduce
carbon dioxide (Cg) emissions, it does not matter where those @dissions are reduced.

An alternative is to allow a decoupling of the responsibility to ensure thatamawable

projects are built and the delivery of actual power; trade in RenewableyEh@djts (RECS) is
one way to achieve this result. Most states in the West already allow theREE®fthough
sometimes with restrictions, and in this section we relax the requirénatmach load zone
physically deliver new renewable energy to its location and instead atavatle in RECs.
Specifically, we require the same total amount of renewable energy toduequ on a WECC-
wide basis, but we do not force individual load zones to meet equivalent 33% RE; tasget
refer to this case as the WECC REC case. After observing that a nunidsat pbnes would
(unreasonably) procure nearly 100% of their energy from one RE technoltgy unlimited
WECC REC case (selling the RECs in excess of 33% to other load zones), we adttathtons
such that each load zone could only meet up to 33% of its annual energy needs with any one type
of renewable technology and could procure no more than 50% RE in aggregaterie theé
case as the REC with Limits case. These admittedly arbitoastraints are meant to reflect the
fact that managing very large quantities of any renewable technalegpécted to be difficult

at penetration levels reaching 33% on an energy basis and that even with a pontérienatble
resources it is potentially very challenging to mange penetrations@s®nf 50%. Though we
present both REC cases here, the REC with Limits case is likely aredtetion of the true
benefits of allowing REC trade on a WECC-wide basis.

4.5.1 Resource Procurement Changes with RECs

The overall estimated composition of renewable energy procured in tREVi#gion does not
materially change with the introduction of RECs (Figure 11). Allowing Rte@s to slightly
increase the use of wind energy and reduce the use of hydropower, partiguesfyover in
British Columbia. The primary change with RECs, however, is the shift in renewable
procurement for individual load zones. Load zones with very low adjusted deliveretbcosts
procuring additional renewable energy beyond the amount required to meet thedtuialdRi
targets increase procurement of renewable energy when RECs are imdotload zones with
high costs decrease their procurement of delivered renewable energy @mabspRECS instead.

We illustrate this shift in renewable procurement between the Basawds case in which
RECs are allowed to be traded throughout the WECC region in Figure 13. In thd-tgpref
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13 we present the unconstrained results that allow load zones to procure reeewablesia
physical deliveries up to their total annual energy consumption (100% REgtemgtr In the
bottom of Figure 13 we present the REC with Limits case in which load zonestreted to
procuring 33% of annual load from any one RE technology and 50% from the aggreahte of
RE technologies. Because the market value adjustment factors do not cithrige w
penetration, these cases subject the WREZ model to conditions that it wapliogtyedesigned
to evaluate; the results should therefore be considered illustrative, and shoulthaedva
greater detail using more sophisticated modeling tools.

Notwithstanding those caveats, Figure 13 demonstrates that regions thaeimereavable
procurement in the two REC cases relative to the Base case (uppenhakief are load zones
where the marginal adjusted delivered cost of RE in the Base case is mubanese WECC-
wide marginal adjusted delivered cost in the REC case (left half of x-d&a#ch bubble in

Figure 13 represents a load zone, while the size of the bubble indicates the arRitint of
procured by the load zone in the Base case. The further up the y-axis the bubblease tife m
load zone increases its procurement of renewables in the REC case reldite/8ase case. The
further to the left the bubble is, the less expensive the marginal resourdeeddad zone in the
Base case (Base MADC) relative to the marginal resource WiEG€ i the REC case (REC
MADC). The adjusted delivered cost of the marginal RE resource in the WEC&&Sse is
$54/MWh and is higher in the REC with Limits case ($66/MWh). The wide spacing oflsubbl
on the horizontal axis illustrates the heterogeneity of the marginal @osteeting the 33% RE
target in the Base case: the marginal renewable resource for theaSaisé¢er Bay Area, for
example, is nearly $50/MWh more costly than the marginal resource forgalpés same
heterogeneity does not exist in the REC cases, where financial respiyrisibrheeting WECC-
wide targets is more evenly spread across load zones.

The upper chart illustrates the change in renewable procurement withouttamyldgy-specific
limits. The lower chart shows that restricting any load zone to procursighias 33% of its
annual energy from each renewable technology and less than 50% from alkimziem
renewables reduces the amount of renewables procured in the WECC REQ aasaniber of
load zones (particularly those near high wind regions) and increases the amouhzonkes
that can take advantage of diverse renewable technologies. Los Angelesirpleekas a
marginal adjusted delivered cost in the Base case that is similaritatheal adjusted
delivered cost in the WECC REC case, and is therefore not a large nedfSREEs in the
WECC REC case. The limits on renewable procurement in the REC witls loasié, however,
drive the marginal adjusted delivered cost in the REC with Limits case #imwearginal
adjusted delivered cost in the Base case for Los Angeles: in this indtasadmgeles can take
advantage of the diversity of solar, geothermal, and wind energy to which tdess and
become a net seller of RECs. Denver, on the other hand, would be a net exporter ¢f RECs i
there were no RE procurement limits, but because wind can only provide 33% of its annual
energy in the REC with Limits case, Denver stops exporting RECs and only prsafii@ent
wind to supply its own 33% RE target.

Seattle and San Francisco, on the other hand, have marginal adjusted deliveradloegase

case that exceed the WECC-wide marginal adjusted delivered cost in theaBEC Renewable
energy delivered to these load zones is relatively expensive. As a resullp#itesenes are
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found to satisfy their entire renewable energy targets with RECs, wheredlto do so and
when only WREZ resources are consideYedancouver, Sacramento, and Salt Lake City
similarly procure only a fraction of their 33% obligation for renewablesutiit delivered
energy, purchasing the rest through RECs. Intuitively, these results make/bensene
observes the physical distance between these load zones and the largedéfRiEZd
renewable resource huffs.

4.5.2 Transmission Expansion and Cost Changes with RECs

The transmission expansion needs of the two cases with RECs are substangalthan in the
Base case, and we observe changes in the location and length of that trangsessFigure 9
and Figure 12, while Appendix C presents some of these results graphicallyye#dt of

those shifts, the cost of meeting a WECC-wide 33% RE target with RECs is fobed t
$8.7/MWh lower than in the Base case, though this cost reduction advantage is reduced to
$5.9/MWh if the technology limits are applied in the REC with Limits case.

The primary source of cost savings when using RECs is from a reduction inigsioam
infrastructure needs and line losses. The total transmission capitairiaaesirops by $9.9
billion (37%) in the WECC REC case and by $8.4 billion in the REC with Liragg crelative
to the Base case. As another measure for the reduction in transmissstmenteneeds, the
energy-weighted average transmission distance in the REC with Lesgssonly 150 miles,
compared to the Base case average distance of 245 miles. Moreover, onlth2%eotwable
energy in the REC with Limits case is from renewable resourcesréhdelivered over 400
miles to load zones and 75% is delivered over lines shorter than 200 miles (Figure 9).

These results indicate that wide-spread allowance of REC trading tiehWWECC may
substantially reduce the need for new long-distance transmission, tiségtitly reducing the
cost of meeting aggressive renewable energy targets. This conclusion, hoasgdn some
degree on an assumption that load zones that are near high-quality sourcesaifleeepergy
are able to integrate that energy into their own systems without dranyatigpdicting the
market value adjustment factors. More detailed studies should explore tmypées further.

37 This result is partly due to the assumption thatdnly resources available to meet renewabletsaege the
resources included in the WREZ resource hubs. €Tlmaty be resources outside of WREZ resources éimat ¢
compete with RECs.

3 vancouver also uses RECs in part due to the laeuns-bar costs of U.S. resources, which is drivethe
assumed availability of the ITC in the United Ssate
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5. Conclusions

The value of a screening tool like the WREZ model is that it allows fagt|esemaluations of
several “what-if” scenarios to understand the importance of different soofrc@certainty and
the impact of policy decisions on renewable energy resource selection, §sinarexpansion
needs, and overall costs. The data used in the WREZ model indicates that bus-bamddses
drivers of bus-bar costs like federal incentives and resource quality, @veamt factors in
determining which resources load zones should procure from to meet increaseablenew
energy targets. Bus-bar costs, however, are only one piece of the puzzle. iS&ianstosts
and market value adjustment factors also play an important role in deterrhimiredetive
economic attractiveness of different renewable resources. In partiel find that the relative
economic attractiveness of renewable resources with low capacity feetpravind and solar)
are more sensitive to transmission distance and line voltage than arabEnmsgources with
higher capacity factors (e.g., biomass and geothermal). We also find thatriet value of
solar, which is considerably higher than the other renewable resources in naostegsis
largely influenced by the correlation of solar output with load and theyatilgolar to
contribute significantly towards resource adequacy needs. The energypauity value of
wind is substantially lower than solar in most cases, and can vary from one phlioad and
resource to another: wind resources that produce substantial electricitywlint@gevenings
will be less valuable to summer peaking load zones than the same wind resourceontiebe
winter peaking loads observed in the Northwest. On the other hand, costs assothatse wi
short-term variability and uncertainty of variable generation, larggjuced in the integration
cost term, are minor compared to the other drivers of cost and value.

Using the starting point assumptions of the WREZ Peer Analysis tool, we found thabarrof
load zones in the WECC region might find the same WREZ renewablg&rceshubs
economically attractive for meeting local RE targets. In a WE@&-®83% RE target case with
all renewables procured from WREZ resources hubs, however, we find that some bighgs
attractive resource regions are not large enough to satisfy all pas=ibéands. We allocated
these limited resources to the load zone that has the most economic benefit fromgtbeuri
resource. In a competitive market where all load zones are simultankmkshg to satisfy
high RE demands, resources would be procured by the load zone that is willing to pay the
highest price to the resource developer. In reality, however, earlg #dtabisecure resources
before renewable demand increases WECC-wide may be able to asoessa® that would
otherwise become too expensive with increased competition. The resources thatlaagl one
zone will seek to procure will therefore depend on their ability to secure cesdagfore others
and on the timing of different levels of renewable targets for different loagsz We have
bracketed the potential outcomes of this process by ranking resourceshftmashzone acting
in isolation (the “individual best” case) and by presenting results usirapthpetitive allocation
mechanism. It is again important to reiterate that our analysis catsiolely WREZ resources
and that non-WREZ resources should be compared to the marginal adjusted delivered cos
different load zones to determine the degree to which non-WREZ resources migléibe bet
suited to meeting RE targets. Our analysis also only considered the retatioengc
attractiveness of renewable resources and did not include the many oty tlzat are often
considered in resource and transmission planning. These results are thesefidréor guiding
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additional detailed studies but should not be used to justify or reject specific resource
procurement or transmission expansion decisions.

Given these caveats, we come to the following conclusions based on the gomebesiged here:

Increasing renewable energy demands increase costs, as less economicaliyattrac
resources are required to meet higher targdtse largest source of additional renewable
energy when increasing renewable energy demand from 12% to 25% on a-W&€asis

is found to be wind energy, at least when relying on the WREZ starting point agswnipt
the cost and performance of various renewable technologies. As the mosveativa

sites in the WREZ hubs are depleted, however, nearly equal amounts of solar ang wind a
added as renewable energy targets increase from 25% to 33% WECC+waasing the
renewable target from 12% WECC-wide to 33% is found to increase average costs by
$20/MWh if all resources are obtained from WREZ hubs.

Wind energy is the largest contributor to meeting WECC-wide renewable energydsem
when only resources from the WREZ resource hubs are consitféned .energy meets 38-
65% of the predicted incremental WECC renewables portfolio in the 33%ableeanergy
cases presented in this paper. Solar energy is the second largest resovictegdrd-41%

of the total energy depending on the scenario in question. Wind energy was otnsiste
found to be the most attractive resource choice in a number of load zones in the stprthwe
no matter what changes were made to key assumptions.

Hydropower, biomass, and geothermal contributions do not change significantly with
increasing renewable demand or changes to key assumpt#amsss all sensitivities to the
WECC-wide 33% RE case, the combined contribution of hydropower, biomass, and
geothermal to meeting the renewable targets was in a narrgey 0di6-23%. Similarly, as
renewable demand increases by 270% from the 12% renewable energy bast3tb tase,
the combined contribution of hydropower, biomass, and geothermal increases by only 78%
A primary reason for the limited change in procurement from these resoutices Isnited
guantities in the WREZ resource database. The Base case 33% renewalylsaareario
utilizes 81% of the total available hydropower, biomass, and geothermal reschiteat w
only utilizes 54% and 31% of the available wind and solar resources, respectively. As
extreme example, the entire geothermal resource included in the WREZ dasaiodly
utilized in a number of 33% RE scenarios; as a result, this resource is beingigedsiot
on economic terms, but instead based on availability in WREZ resource hubs.

Key uncertainties can shift the balance between wind and solar in the renewable resource
portfolio: The most dramatic flips in resource portfolios under different cases occur in
regions that are near high-quality wind and solar resources. More wind is pradwae

wind costs are low, transmission costs are low, resource adequacy costs arédderabr

tax incentives for renewable energy are allowed to expire. Assumptionstlabahbice of
solar technology and solar financing are also important considerationsnmidétg the

amount of wind that is procured. More solar energy is procured, on the other hand, when
transmission expansion is limited, wind integration costs are assumed to be higb&at o
capital costs decline. By far the most important uncertainty that iresréas contribution of
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solar is the degree to which solar capital costs decline relative to othealdae
technologies. The factors that affect the balance between wind and sotaurces
portfolios should be explicitly considered in alternative transmission planrangiscs.

The costs of meeting renewable energy targets within WECC are heterogertbous wi
RECs: Since resources of differing capital cost, quality, location, and market aee
procured by different load zones to meet their individual renewable energytdngetost,
both average and marginal, of renewable energy differs across load zones. &dtetsis
are generally found in the Northern Rocky Mountain region, while the highestaceststhe
Northern Pacific region. Costs in the Southwestern states are moderatelduavailability
of nearby high-quality solar resources and some limited quantity but highyouiad and
geothermal resources.

Transmission investment costs are substantial, but are only a fraction of the cogdrégjui
meet a 33% renewable energy targ8cenarios in which each load zone in the WECC
region provides 33% of its energy from new renewable resources in WREZ hubsrated
lead to $22-34 billion in estimated new transmission capacity investment. T pri
technology driving this transmission expansion is wind. Transmission and ling loake

up only 14-19% of the total delivered cost of renewable energy in theseissghawever,
with the bus-bar cost of the resources being the more influential cost driver. Moreove
renewable resources not included in the WREZ hubs were considered in this analysis, or
existing transmission was available to offset some of the new transmissiandizotal
transmission costs would be reduced.

Long transmission lines can be economically justified in particular cases, but the majority
transmission lines are found to be relatively shakssuming a WECC-wide competitive
allocation of renewable resources, and only considering resources from WREZomubs, s
load zones are found to select resources that are located over 800amlid¢isefload zone in
guestion. These long lines are found to be significantly more attractive, aatepteif they
are assumed to be lower-cost 500 kV HVDC lines rather than the singli 800 kV AC
lines assumed in the Base case: as much as 33% of the incremental renesvglgle e
demand was procured over lines longer than 400 miles when HVDC lines voaredall
Despite the value of certain long-distance transmission lines, howeveo, desisrves note
that the average transmission distance was much lower, at 230-315 miles, sgdigastiny
long distance lines built to access renewable energy in the west would idezdiypdded

with an even-greater emphasis on shorter-distance lines.

Transmission expansion needs and overall WECC-wide costs can be reduced through the use
of Renewable Energy Crediffhe most dramatic decrease in transmission expansion needs
while still meeting a 33% renewable energy target WECC-wide was thrbeglsé of

RECs. Assuming that the technical limits placed on renewable procuremeath load

zone are reasonable, transmission expansion needs are found to decline by as $8uc

billion when unbundled RECs are allowed on a WECC-wide basis. The total reduction in
average renewable energy costs WECC-wide by using RECs is found to bg roughl

$6/MWh. Transmission costs with RECs decrease to only 10% of the averageedediver

of renewable energy. The ability of load zones to rely upon RECs is a getitsion that
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should be explicitly considered in more detailed transmission planningstadienewable
energy.
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Appendix A. Changein Market Value Adjustment Factorswith I ncreased
Penetration

Our analysis assumed that all market value adjustment factors were canstaatmost
scenarios, and did not change with increasing levels of renewable energytipeneiiaough
clearly a simplifying assumption, and further research should explore thisggsum greater
detail, we do not believe that this assumption is unreasonable in a screeningdéss such
as that which is reported here.

Integration costs, for example, are expected to rise with increasedatdaeamergy penetration,
but studies do not reveal steep changes in wind integration costs at penetratsongddégeind
above 20% on an energy basis, assuming that various measures are taken to manage the
increased variability and uncertainty in the power system. Individual itiegstudies show an
increase in cost of only about $4/MWh with increasing wind penetration from V@l lep to as
high as 30% on a capacity basis (Wiser and Bolinger, 2009). Moreover, recentedde-a
integration studies show that large areas can achieve 20% or even 30% wind ensrgyiqen
levels with integration costs that average roughly $5/MWh, equivalent tosbhechse
assumption used in our analysis presented earlier (EnerNex Corp., 2010).

The capacity credit for solar and wind is expected to decline with incgepsnetration (Hoff et

al., 2008; Asano et al.,1996; Hirst and Hild, 2004; Holttinen et al., 2009). This decline in
capacity value, however, can be somewhat offset by diversity in wind speedsrfe region to

the next (Milligan and Factor, 2000; Stoft, 2008, EnerNex Corp., 2010). Geographic dispersion
can mitigate the variability of solar as well, though the decline in cgpaadite with increased
penetration of solar without storage cannot be as readily mitigated thyeoghaphic

smoothing. Specifically, with increased penetration of solar without stohegmarginal

capacity credit will at some level be driven to zero as the peak net loadshifgbt time hours.

On the other hand, thermal storage, which is assumed to be included with the solar tgchnolog
used in the Base case, offers a low-cost, highly-efficiency mechémisular thermal plants to
arrest the decline in capacity value with increasing penetration. Th&torege allows a solar
thermal plant to shift production to periods when generation is most scaroeerelatemand,

and the capacity value of such a plant is unlikely to change dramatically witingbieme The

solar technology cases that do not employ thermal storage, however, netgtevitie capacity
value of solar at high penetration levels, and may therefore estimagatargeliance on solar
energy without thermal storage than is economically justified.

Finally, the TOD energy value of renewable resources will alsedsermwith increased
penetration. Preliminary results from the Western Wind and Solar Integ&tdy, however,
indicate that the decline in the energy value of wind and solar will not amount to moedbtha
$8/MWh (10% of the total energy value) when the WestConnect fodthisnising wind to
provide 30% of its energy and solar to provide 5% of its energy and the rest of the MG C
is using wind to meet 20% and solar to meet 3% of its energy in*20Wdreover, this

39 WestConnect includes utilities in Nevada, ArizoNaw Mexico, Colorado, and Wyoming.
0 Preliminary results from the study are availatientip://wind.nrel.gov/public/WWIS/stakeholder%20niags/7-
30-09/GE%20-%200perational%20Impacts%201,.plifie 17.
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estimated decline in energy value does not account for the rebalancingnix thleconventional
generation that is expected to occur in the long run with the addition of wind or stéaatimn
(Kahn, 1979; Lamont, 2008; Miera et al., 2008). Rebalancing the fossil generatit;m mi
minimize system-wide costs will help arrest the decline in the longenergy value of wind and
solar relative to the decline observed when wind and solar are simply added ttaataonsof
conventional generation.

As a result of these considerations, it seems unlikely that accommodatingaauge ¢n market

value adjustments with increased renewable energy penetration would havwéiGasigmpact
on the screening-level results presented in the body of this paper.
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Appendix B. Mechanics of the Competitive Allocation M echanism

The WA hydrower resource is found to be an attractive resource for all bladasheone (El
Paso) in meeting a 33% RE target. The Base case results allodatetdueWashington
resource to the Seattle load zone. We can explain this result by exarnenimgf tost of Seattle
procuring its next cheapest resource to meet its 33% RE demand and the net betheiit of
competing load zones being able to avoid procuring their marginal resource in theltbaempet
allocation in favor of the Washington hydropower resource. In all casesttinepaet of the
Washington hydro resource in a load zone’s portfolio is the difference betwessljubted
delivered cost of the marginal resource and the adjusted delivered cost ofstiaedia hydro
resource to that load zone. As shown in Figure 14, Seattle does not have the lowest adjus
delivered cost for the Washington hydro resource, but the difference betweeljutted
delivered cost of the Washington hydro resource to Seattle and Seattlgiisahaasource in the
Base case is the greatest. Therefore, Seattle has the most ecomafii¢dogain from adding
Washington hydro to its resource portfolio, and conversely the cost of mdetiRd:ttarget in
Seattle will increase the most if Seattle does not obtain the resource.

Other nearby load centers, including Vancouver and Portland, will have nearlynie sa
economic gain by procuring this resource. These results suggest thabathzghes could gain
significant economic benefit by procuring this resource early, to lockéeghiefore other load
zones begin to compete for it. Denver, on the opposite extreme, is nearly indifttveeen
obtaining Washington hydro and its next marginal resource in the base caser, engtore,
has little to gain by being an early actor and securing this resoursecasit The small
difference in the net benefit of the Washington hydro resource among midipl zones further
suggests that additional research is warranted into the viability of méatimg RE
requirements with the resource, the quantity of the resource, and the costs ansl dfenefi
acquiring the resource.
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Figure 14. Theadjusted delivered cost of Washington (WA) hydropower islower than the

mar ginal adjusted delivered cost from the Base case allocation for 19 of the 20 load zonesin the
WECC region. The net benefit of procuring WA hydro isthe differ ence between the cost of the
mar ginal resour ce that would be acquired otherwise (MADC in Base case) and the adjusted
delivered cost of WA hydro to each load zone (ADC of WA hydro). The net benefit isgreatest for
Seattle, which istheload zonethat is assumed to procurethe hydro resourcein the Base case under
the competitive allocation mechanism.
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Appendix C. Maps of Transmission and Resour ce Selection in Sensitivity
Cases
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Figure 16. Transmission and resour ce selection to meet 33% RE WECC-widein the HVDC Long
Lines case
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Figure 17. Transmission and resour ce selection to meet 33% RE WECC-widein the No Federal
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Appendix D. Detailed Base Case Resultsfor 33% Renewable Energy WECC-

wide

Table8. Detailed Base caseresultsfor each load zonein the WREZ model

Load Zone Resource Name Transmission Adjusted Delivered Nameplate Annual Energy Cummulative
Distance (mi) Cost ($/MWh) Capacity (MW) (TWh/yr) Energy (TWh/yr)

Albuguerque NM _EA W 3 86 20.8 2243 6.2 6.2
WY NO W 2 307 458 60 0.2 0.2

Billings WY EA W 2 391 49.1 732 2.6 2.8
WY NO W 3 307 49.3 975 3.1 5.8

Boee WY EC W 2 229 181 1,406 2.9 4.9
WY EC W 3 229 19.3 1,003 3.5 8.4

MT NW W 2 33 4.7 1,451 50 50

MT NW W 3 233 4.7 3,745 11.9 16.9

MT_NE_ W 3 391 26.2 1,536 4.9 21.8

Calgary AB EA W 5 108 33.2 1,319 4.0 258
AB EC W 5 160 36.9 700 2.1 28.0

AB_SE W 6 143 40.4 2111 6.5 34.4

Casper WY NO W 3 40 34.2 2,027 6.3 6.3
WY EA W 2 173 34.9 1774 6.3 6.3

Denver WY _SO W 3 105 37.0 1,241 3.7 10.0
WY EA W 3 173 38.3 3,346 10.6 20.6

TX W 3 0 39.5 128 0.4 0.4

El Paso NM_SE W 3 110 40.9 1,035 2.9 33
AZ NW W 4 41 251 207 05 05

NV SW W 3 104 46.3 56 0.1 0.7

Las Vegas NV_SW W 4 104 48.1 177 0.4 11
AZ NW S DNI7 4 48.7 496 17 2.8

AZ NW_S DNI6 41 51.4 2,259 7.6 10.4

CA WE W 3 66 24.7 862 2.4 24

CA WE W 4 66 27.2 290 0.7 3.1

CACT W 3 104 40.8 495 13 4.4

CACT W 4 104 42.6 916 2.3 6.7

CA NE W 3 155 43.2 89 0.2 6.9

CA_SO_W 3 176 44.0 463 12 8.1

CA NE W 4 155 455 476 12 9.3

CA CT S DNI6 104 47.4 866 3.0 12.3

CA_SO_S_DNI7 176 47.8 50 0.2 125

CA SO W 4 176 47.8 250 0.6 13.1

Los Angeles CA EA S DNI7 184 487 106 0.4 135
CA_SO_S_DNI6 176 48.7 282 1.0 145

CA EA W 3 184 49.2 76 0.2 14.6

CAEA W 4 184 50.6 161 0.4 15.0

CA_SO_S_DNI5 176 50.6 1,160 4.1 19.1

CA NE S DNI7 155 51.0 600 2.1 21.2

CA EA S DNIS 184 515 1,120 3.9 25.1

CA_CT_S DNI7 104 51.9 910 3.1 28.2

CA EA S DNI6 184 53.2 1,455 5.1 33.3

CA_NE_S _DNI5 155 54.6 1272 4.3 37.6

hoam AZ WE S DNI7 54 47.0 1,652 5.7 5.7
AZ WE S _DNI6 54 47.8 5,389 18.6 24.3

OR WE W 3 0 85 301 0.8 0.8

WA SO W 3 111 24.0 1,312 3.4 4.2

WA SO W 4 111 25.0 1,950 4.8 9.0

OR_NE W _3 220 36.0 1,277 3.3 12.4

Portland OR SO W 3 249 375 184 05 12.9
OR NE W 4 220 37.7 56 0.1 13.0

OR_SO_W _4 249 41.3 337 0.8 13.8

ID SW W 4 462 70.0 917 2.3 16.1

NV NO G 4a 0 25.0 148 10 1.0

NV_NO B 4 0 32.2 128 1.0 2.0

Reno NV EA B 4 256 35.4 41 0.3 2.3
NV WE G 4 148 38.1 116 0.8 3.1

NV_NO G 5 0 46.6 92 0.6 3.7
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Table 8. Detailed Base case resultsfor each load zonein the WREZ model (cont.)

Transmission Adjusted Delivered Nameplate

Annual Energy

Cummulative

Load Zone Resource Name Distance (mi) Cost ($/MWh) Capacity (MW) (TWh/yr) Energy (TWh/yr)
CA WE W 2 283 38.2 198 0.7 0.7
Sacramento CA WE W 3 283 46.0 1,736 4.8 5.5
CA_WE_S DNI5 283 73.3 120 0.4 5.9
UT WE G 3 241 29.0 90 0.6 0.6
UT WE B 4 241 38.3 87 0.6 13
NV EA B 4 243 40.6 92 0.7 2.0
ID EA B 4 155 41.6 211 1.6 35
WY EC W 2 386 43.8 96 0.3 3.9
. UT WE G 4 241 46.0 65 0.5 4.3
Salt Lake City ID EA W 3 155 49.9 126 0.3 4.7
ID EA W 4 155 52.5 591 15 6.1
WY SO W 2 528 58.0 699 2.4 8.5
UT WE W 3 241 65.0 123 0.3 8.9
NM_CT B 4 559 67.4 60 0.4 9.3
UT_ WE W 4 241 67.9 641 1.6 10.9
San Diego CA SO S DNIS 87 413 1913 6.7 6.7
OR SO G 3a 356 23.9 384 2.7 2.7
CA SO G 4 582 34.8 1,170 9.2 11.9
OR SO G 4 356 36.4 64 0.4 12.4
CA SO G 3 582 36.5 232 1.6 14.0
CA WE B 4 340 36.7 74 0.6 145
San Francisco/Bay OR SO B 4 356 40.0 118 0.9 15.4
Area NV NO B 4 573 54.1 0 0.0 15.4
ID SW B 4 684 60.7 98 0.7 16.2
AZ NE B 4 882 64.9 257 1.9 18.1
CA WE S DNI7 340 711 1,219 4.1 22.2
CA_WE_S_DNI6 340 79.0 1,325 4.3 26.4
CA_WE_S DNI5 340 79.7 386 1.2 27.7
WA SO H 1 320 376 544 05 25
NV NO G 3b 675 31.9 268 2.0 4.6
OR WE B 4 209 41.2 102 0.8 5.3
WA SO B 4 320 41.3 75 0.6 5.9
MT CT W 2 617 43.4 500 1.7 7.6
NV_WE_G_3 823 44.1 132 0.9 8.6
Seattle MT CT W 3 617 46.1 1,392 45 13.0
OR NE B 4 422 46.5 388 2.9 15.9
NV NO G 4 675 53.2 200 1.4 17.3
MT NE W 3 816 74.0 760 2.4 19.7
MT CT B 5 617 74.0 77 0.6 20.3
NV NO G 5a 675 74.9 200 1.4 21.7
ID SW G 5 664 79.2 90 0.6 22.3
WY EA W 2 1061 82.0 1404 5.0 27.3
MT CT W 3 395 235 629 2.0 2.0
Spokane OR NE W 4 200 32.2 716 1.8 3.8
Tucson AZ SO_S. DNIB 0 57.7 2.456 8.2 8.2
OR WE G 3 309 11 315 25 25
BC_WC G 3 100 17.2 180 1.4 3.9
BC WC H 5 100 34.1 907 3.9 7.8
NV NO G 3a 775 35.5 109 0.8 8.6
MT _NW B 4 795 58.8 60 0.4 9.1
BC SW B 4 140 60.4 150 1.1 10.2
BC WC B 5 100 62.7 127 0.9 11.1
BC SO B 4 133 65.1 109 0.8 11.9
BC_SE B 4 312 72.0 60 0.4 12.4
BC WE B 5 237 77.2 53 0.4 12.8
Vancouver, Canada g <7y 7 100 773 1,365 6.1 1838
BC WE W 6 237 77.6 200 0.6 19.4
BC NE B 4 565 79.8 91 0.7 20.1
BC CT B 4 440 79.8 122 0.9 21.0
BC NO B 4 491 80.5 78 0.6 215
BC NE H 5 565 80.5 900 4.2 25.7
BC SW W 6 140 80.8 214 0.6 26.3
BC SO W 7 133 83.9 359 0.9 27.2
AB EC B 4 723 85.6 122 0.9 28.1
BC WE W 7 237 85.8 83 0.2 28.3
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Appendix E. Summary of Non-WREZ Resources Not Considered in Analysis

Over 2,300 GW of non-WREZ resources were identified by Pletka and Finn (2009). Of the non-
WREZ resource total, solar is the largest proportion with over 1,170 GW. Within the non-
WREZ solar resource, 420 GW is solar thermal and 750 GW is PV. Of the solarltherma
resource nearly 300 GW includes regions with between 4.5 and 6.5 kK\¥#yrof direct normal
insolation (DNI); the remaining non-WREZ solar thermal resource exée&daVh/nf/day.

The PV resource was not “binned” by resource class. Wind is the second largest B@n-WR
resource, with over 590 GW of identified resource potential. Of the non-WREZ wind, over 350
GW is Class 3 wind resources and nearly 100 GW is Class 4. The remaining 18 G¥¢ is Cla

or above. Geothermal makes up another 550 GW, but the majority of the non-WREZ
geothermal is enhanced geothermal systems (EGS) technology, wikelyid0 years or more
from significant utility-scale commercial deployment. Only 32 GW of the norE¥/R

geothermal are considered “undiscovered conventional geothermal resources.” dihengem

23 GW of non-WREZ renewable resource potential consists of biomass and hydropower
resources. The technology and location of the non-WREZ resources identifiextkaydeid

Finn (2009) is shown in Table 9.

Table 9. Summary of non-WREZ resources not used in analysis

Source: Pletka and Finn (2009) Table 5.1
Non-WREZ Renewable Resources (GW)

State or Province Geothermal Biomass Hydro Wind P?/OIar'l'hermaI
AB Alberta 0.5 0.2 0.1 120.0 25.5 1.1
AZ Arizona 55.7 - 0.1 2.3 87.0 41.9
BC British Columbia 5.3 0.9 9.7 3.8 21.0 -

BJ Baja, Mexico - - - 6.2 18.0 7.5
CA California 59.4 0.7 2.3 7.3 294 54.6
CO  Colorado 53.7 0.2 0.4 58.6 47.1 60.6
ID Idaho 69.8 0.2 1.2 6.1 25.8 24.8
MT Montana 17.7 0.2 0.6 196.0 123.1 38.2
NM New Mexico 57.2 0.0 0.1 65.9 126.2 49.1
NV Nevada 107.2 - 0.0 4.1 41.2 57.3
OR Oregon 64.3 0.2 2.0 9.9 48.7 19.1
TX Texas - - - 0.4 12.0 0.9
uT Utah 48.7 0.2 0.5 2.2 34.0 294
WA  Washington 6.8 0.3 3.0 3.9 30.6 5.2
WY  Wyoming 3.2 0.0 0.5 107.8 84.0 274
Total 549.4 3.1 20.4 594.4 753.4 416.9
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